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1. FOREWORD.

The objective of this study is to .transplant some
new understanding of friction phenomena into the science of explesives
initiation and safety, and to suggest fruitful new research programs
which will go beyond the empirical and enhance basic understanding.
It is essentially a planning study. :

Mechanical engineers have been studying friction since the
fourteenth century, and they have gained a degree of competence in
dealing with it by lubrication and by modification of surfaces. Their
actual understanding of friction is still fragmentary; but some of the
mechanical and lubrication art can be applied to the problems of
explosives, and this report gives an introduction te that art.

The art selected for presentation is the generation of heat
and hot-spots by mechanical friction. In recent years, a number of
investigators have addressed themselves to quantitative, mathematical
models of this phenomenon in metals; and it appears feasible to adapt
their treatments to explosives. Successful adaptation would lead to
a quantitative understanding of frictional initiation and to a
concomitant delimitation of what can and cannot be done about it. This
report includes a suggested Research Plan tc do that.

This study has searched the general literature on lubrication
and micromechanics through the year 1970, and has included personal
consultation with selected authorities in the fields of frictioa and
lubrication. So much material was found that it was necessary continually
to narrow the scope of this review in order to preserve adequate depth
in the selected topic; the literature is enormous, and one could literally
spend a career studying it and adapting it to explosives. Future workers
wishing to range wider than the scope of this report will find ‘an excellent
starting point in the general references cited.
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2. SUMMARY

This study introduces the knowledge of asperity and
flash temperature statistics which has been contributed by the
engineering and lubrication fields and gives an anthology of primary
and summary sources to support a sound theoretical investigation
of its application to the explosives field. It outlines a Research -
Plan to detive an integrated mathematical model of frictional ignition
and to test its validity with empirical data. It suggests how a
valid.ted model will lead to better safety data and to better and
safer explosives handling techniques.

S0lids do not contact each other over their entire touching
surfaces, as they appear to do, but rather only on the tips of the
higher surface asperities. The total arca of real contact is such a
s1all percentage of the total surface area that the touching asperities
are loaded to their yield point and deform until their aggregate cross
section 1s just adequate to support the load.

Most of the surface is not even touching; but the tiny areas
which do touch - the junctionms - are in such intimate contact that
van der Waals, electrostatic or even interatomic bonds form and lead to
strong adhegions. When one solid body is forced to slide over another,
the adhesions are forcibly sheared; and the work required to shear them
is the major component of the frictional resistance.

The heat generated between two sliding bodies, which is equal
to the work expended in making them slide, necessarily appears in and
only in the junctions; and since the total area of the junctions is
quite small, the resulting temperatures can be quite bhigh - hundreds
or even thouzands of degrees. 'If one knew the size of each junction
and the fraction of the total frictional power it consumed, one could
readily calculate the resulting temperature in that particular hot-spot.

The sigs of individual junctions is usually not known; but
the average size can be estimated, and the distribution of sizes
appears to be Gaussian or nearly so in a broad range of cases, so that
at least a statistioal desoription of the flash tempcratures on the
asperity tips can be derived. This function, coupled with published
models of the growth of hot-spots to explosion, offers a way to
calculate the probability of ignition Of a given explosive in a given
frictional situation, entirely from Jirst principles. Comparison with
empirical datz will then serve to test the validity of the model.

A number of slternate models can be postulated, involving
different sssumptionas as to physical mechanisms of heat generation
and as to what surfaces are and are not critical; and there is a
laboratory friotion sensitivity tester either existing or suggested
for sach. Calculation of ignition probabilities as above offers a
new and powerful way to test the validity both of the assumptions and
of the testers, and thus to gain a deeper understanding of tae entire
frictional initiation process.
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3. THE NATURE OF MECHANICAL FRICTION

The classical concepts of friction ccupled with modern
concents of the nature of solid-solid contact open up a new approach
to urderstanding the basic nature of the frictional initiation of
explosives.

THE CLASSICAL UNDERSTANDING OF FRICTION

Friction is the resistance to motion which exists in varying
degree whnever one solid object is caused to slide over the surface of
another one. It is a universal attribute of matter, and its application
has its roots in prehistory. The use of sleds, rollers and wheels, often
supplemented by liquid lubricants, dates back more than 3000 years;
although the scientific study of frictional phenomena is much more recent.

Leonardo Da Vinci was probably the first purposeful observer
of friction phenomena. He noted that the friction of two sliding bodies
is tndependent of their contacting areas and that the total frictional
force is proportional to the normal load between the contacting surfaces
(113). These two princirles, still valid today, are usually called
"Amontons' Laws", after the French scientist Amontons who rediscovered
them in 1699 (114). (There are limits to their validity, but mainly they
are true.)

Amontons (114), Coulomb (115) and Euler (116) further quantified
the studies of friction; and by 1785 most of today's general understanding
was established. These scientists hypothesized that friction is due to
rhe interlocking of mechanical protuberances or asperities on the surfaces
of the contacting material 1like two pieces of sandpaper face to face.
This '"Roughness Hypothesis" explained Amontons' laws and remained the
majority view right through the nineteenth century and into the twentieth.

Beginning about 1920, however, interest began to revive in the
"Adhesion Hypothesis'" as growing precision in measurement revealed more
and more weaknesses in the Roughness Rypothesis. '"Adhesion" hypothesizes
that actual "welding" occurs wherever two surfaces touch and that the
frictional resistance to sliding is the force required to break the welds.
Interestingly ennugh, Adhesion had been considered by the original workers
and rejected because they could not reconcile it with the observed fact
that the frictional force was independent of the contacting area.

Today, it is almost universally accepted that frictional force
is due to a combination of the two effects: 'Adhesion plus Plastic
Deformation", wherein only a few of the higher asperities of each surface
actually contact a few asperities of the other surface. As the normal




load is increased, the high asperities are squashed down so that the

next smaller asperities begin to contact each other; and this process -
continucs until there is enough contact area to support the load. This 3
actual area of contact is very much smaller than the apparent area of o
contact (the gross size of the object's face); in fact, it has nothing

to do with the size of the face, which neatly explains why the frictional

force has nothing to do with the size of the face but is proportional to

the normal load.
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As the asperities contact one another, they adhere; and the
nature of the adhesion varies widely. Objects of like composition can
often form actual welds or interatomic crystal bonds, but there are
smaller adhesive forces which act between any two materials. Bowden § 2)
describes them as Coulombic and Van der Waals. Closer than about 20 A,
the force is mainly coulombic and is relatively strong. Beyond about 20 A,
the force is mainly Van der Waals and is weaker but longer range.
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It can therefore be seen that forced sliding requires the
rupture of asperity adhesions and that there will indeed be some asperity
interlocking just as Amontons had thought. Quantitatively it turns out
that most of the observed frictional force is due to adhesion, and only
a small amount of it is due to asperity interlocking or deformatioa.




A complication resides in the fact that adhesion is usually

greatly inhibited by the presence of an interfering film of something

such as a surface oxide, or moisture, or a foreign material, or even
adsorbed air. Indeed, were it not for these interfering films, things
could scarcely be slid at all. Atomically-clean metals placed in contact
in a good vacuum adhere so strongly that they sieze and are pormanently
welded. So do bearings which are run under such heavy loads that the
protective films are stripped off. Almost everything in familiar
experience is protected by some kind of film, so that the observed
adhesion is very much less than welding - it is usually more akin to

Van der Waals forces than to interatomic bonding - nevertheless, adhesion
still dominates over interlocking of asperities.

Lubrication, of course, is simply the deliberate interposition
of an interfering film of oil or some other liquid. The resulting
reduction in friction owes something to reduced interlocking of asperities,
since the oil takes up some space; but it is mainly due to reduced
adhesion, particularly in slowly-moving or essentially stationary systems.

The most useful quantitative concept is that of the creffinient
of frietion, the proportionality constant between the frictional force
required to slide a given object and the normal load:

F=fL

The coefficient of friction is a property of the particular materials
involved but not of the physical size of the system. It says, for example,
that the same force is required to slide a brick across a table regardless
of whether the brick is iying flat, resting on one edge or standing on

end. It takes twice as much force to slide a stack of two bricks and ten
times as much force to slide a stack of ten bricks. It takes the same
force to slide two stacks of five bricks each as to slide one stack of ten
bricks. The coefficient s, in principle, a true constant and is
independent of either the load or the contacting surface area. Thus, large
and small objects have the same coefficients of friction.




It is frequently stated that the coefficient of friction is
also independent of the sliding velocity, but this is only approximately
tryue. It is well known that the friction force required to start sliding
is usually greater than the force required to maintain sliding, and
this has given rise to the notion that the~e are two coefficients of
friction - statie (for surfaces at rest) and kinetic (for surfaces in
motion). These are normally showr separately in tables of friction
coefficients. Recent work has shown that this is a gross oversimplification
( 1 ). The static coefticient is a function of the time of contact, and
it increases as the contacting asperities slowly yield and the real area
of contact increases. The kinetic coefficient varies with sliding velocity,
but only slightly, usually by just a few percent as the sliding speed is
raised by a factor of ten. For most practical purposes of interest here,
the kinetic friction coefficient may be considered to be a constant
independent of the sliding velocity.

To a good approximation, the friction coefficient is independent
of the roughness of the sliding surfaces -~ at least it is in the roughness
range normally encountered in engineering practice. Very smooth surfaces
give abnormally high friction coefficients because the area of real contact
is abnormally high. Very rough surfaces give abnormally high coefficients
because asperity interlocking becomes excessive. But in the roughness
range in which we actually find most surfaces, the friction coefficient is
at a minimum and almost independent of roughness.
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Another exception occurs when a rough hard body slides o= & much sofcer
one. Here the asperities of the rough surface dig into tte softer
material and the ordinary "friction" is sugmented by gouging and plowing.




All elementary texts on friction point out that the coefficient
of friction of a given material is approximately equal to the ratic of
the material's shear strength and penetration hardness

I =s/p

because the sliding process involves the shearing of adhesions which

are limited in size by the hardnees of the material (1,2). This says

that friction can be reduced by decreasing the shear strength of the
interface, and of course one of the effects of lubrication is to interpose
a low shear strength interface between two relatively hard materials.

It also says that, if one has two different materials sliding on one
another; it is only the strength and/or hardness of the softer of the two
which matters.

The s/p relationship is neither exact nor fundamental. It is
vitiated by involving assumptions which are only approximate.y true and
by ignoring effects such as surface energy and asperity interlocking
wk’'ch become important just when ones gets into unusual regimes and
needs theovetical guidance the wost. Moreover, s and p are not really
independent quantitles; they are very similar quantities which depend in
almost the same way upon such factors as bond strength, nature of
dislocations, etc., so that one goes up with the other and the ratio is
quite similar for a wide range of materials. For example, lead and low
carbon steel vary by nearly a factor of 100 in shear strength and
penetration hardness, but f is nearly the same for steel (1.0) as for
lead (1.2). This point is shown graphically by the following figure
which plots penetration hardness vs. yield stress for pure metals (1 ).
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Coefficients of friction do not vary as g_eatly from material -
to material as might be expected. Most common metals exhibit coefficients
of 0.1 - 0.3 when tested as one normally sees them. Most non-metals
run slightly higher at 0.3 - 0.4. Wood-on-steel il about 0.3, as is
wood-on-stone, iron-on-stone and leather-on-iron. Most sclid explosives
run about 0.6 - 1.1. Carefully cleaned metals run about 0.7 %0 1.3 in
air. This is not a large range of variation; many physical propertiess
vary by orders of magnitude from material to material.

Wider variations are known. Teflon, for example, is anomalously
low at 0.04 due to its exceptionally low surface energy; and freshly-
prepared copper surfaces in high-vacuum can run from 5 t¢ 200 due to
cold welding on contact. Nevertheless, these cases are wildly exceptional;
and the fact remains that most materials have about the same coefficients
of friction - about 0.5.

To some extent, the striking uniformity of coefficients of
friction is due to the fact that most materials are handled and tested in
air, and rather contaminated air at that. The visible “surface" of a har
of iron, for example, is not iron at all; it is iron oxide, covered with
a layer of adsorbed moisture and atmospheric gases and most likely a layer
of oily materials from adjacent machinery and/or human beings. Non-metals
may lack the oxide layer (many of them are oxides themselves); but they
will have the moisture, gassy and oily layers. Consequently, the interface
is the same, or nearly the same, in most cases; and one should expect the
friction to be similar even on aissimilar materials.

For most ordinary materisls of experience - probably including
explosives - most of the frictional force is due to adhesion. The
"roughness component" is small, approx‘mately 0.05 in an overall coefficient
of 0.5. Other conceivable effects, such as plowing and electrostatic
attraction, are usually negligible.

It should be noted for the record that there are important
difficulties with the adhesion explanation of friction; and most modern
workers feel that while it is essentially correct, it is also a gross
oversimplifiration of the friction process. Nevertheless, it serves so
w21l for all but the most exacting purposes that most workers in the friction
field would rather amend it than abandon it.

The foragoing discussion is intentionally simplified to serve
as a first introduction for personnel who are scientifically trained but
unfamilia¥ with this field. Those who wish to delve deeper will find
axcellent r-sources listed in the general bibliography. The books by
Rabinowicz ¢ 1 ) and Bowden and Tabor (2,3) are particularly recommended,
as is the 'ASA publication Interdiesiplinary Approach to Friection and
Wear (4 ). Other, mrre specific, references will be found in the
specific citariuns.
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"THE NATURE OF SOLID-SOLID CONTACT
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‘ without further yielding.

To the human eye, it appears that two flat surfaces placed
in contact actually touch each other over their entire areas; but this
is far from the truth. Visually smooth surfaces, even optically polished
ones, are quite rough on a microscopic scale. General workshop surfaces
or. metals, for example, have asperities on the order of 15 microns high;
and even the smoothest metallic surfaces have asperities 100 - 1000
Angstroms high. If such a surface were slowly lowered onto one which was
truly flat on the atomic scale, it would first make contact only on the
peaks of the highest asperities, and the remainder of the surface would
not be in contact at all.
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If the material were ideally rigid, only point contact would
be made on only the three highest asperities, and the upper object would
be supported on a tripod; bit in actuality, the asperities are so small
that the weight of the object far exceeds the yield strength of the
material, and the asperities squash down and permit other, lower asperities
to contact also. These in turn squash down and permit still more contacts
until finally there is enough total area of contact to support the load

R I IS f i
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The total area of real contact is only a small percentage of
the total area of the surface; most of the surface is not touching at all
and never will touch, even if the load is increased enormously. The total
area of contact is approximately equal to the normal load L divided by
the penetration hardness p of the material:

A - L/p

As an example, consider a smooth, 100-gram cube of copper resting on a
smooth steel plate. The load is 0.1 Kg, ayd the penetration hardness of5
copper (the softer material) is 6000 Kg/Cm~. This gives,A = 1. 67 X 10
Cm~, compared to a total area of the cube face of 5.0 Cm".
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Actual cases, of course, are not as simple as pictured
above. The formula A_ = L/p is for purely plastic deformation, and
is an approximation aﬁyway. PReal asperities no doubt deform elactically
over part of their travel, and elastic deformation is described by
the more complex Hertzian equations (117), of which

N 1
r 2E

Where:

A = Real area of contact
The normal load
The relative radius of curvature of
theztwo surfaces
E/(1-v)°
E = Young's modulus
v = Poisson's ratio

-
o

]
L}

is a simplified example. Also, in real cases, both surfaces are rough,
and the contact pattern is much more complex as asperities contact other
asperities on their shoulders or even in the opposing valleys.
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Nevertheless, the total area of real contact must remain that given

by the appropriate deformation equation, since it is a function only

of the load and the strength of the material, not its shape. The total

area of real contact is distributed among all the asperity junctions.

The individual contacts will range all the way from some just barely touching
to others widely squashed out, and the resulting junction sizes will

range all the way from mere points up to a circle proportional to the
size of the largest and highest asperity.
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It must not be thought that asperities are anvthing like as
high and jagged as the sketches above would suggest. The vertical
scale of the sketches 1s greatly exaggerated for clarity. Actual
asperities tend to be low and broad, with contact points widely
spaced. Early metallographic studies of metal surfaces showed that
solid metal surfaces have asperities which are typically 10 to 300 uin.
high; that their slopes are shallow, so that their bases can be 50 to
3000 uin. across; and that individual contact areas are about 100 to
1000 yin. wide. The following electron micrographs of a gold surface
show dome-like asperities. The largest are roughly 400 pin. across and
50 uin. high; the smallest are less than 20 uin. across and 5 uin. high.
These data are from Williamson ( 4 ); other authors have reported similar
findings on a wide variety of materials,

Trovaz 1l—Electron micrograph of
plated gold surface. (a) General
view at X 4000. (b) A single con-
tact area X 158000, (4)

One would like to know the size of each individual junction
and the number of junctions of each particular size, and much effort has
gone into Studying these parameters in real systems. People have pressed
opaque solids against glass plates and observed the junctions through
the glass ( 3 ), and other people have prepared contour maps from electron
micrographs of aluminum surfaces ( 4 ); but the most promising technique
for our purposes appears to be statistical.




Greenwood and Williamson have shown ( 8 ) that a wide
variety of surfaces have asperity height distributions which are
very nearly Gaussian, and that even in surfaces which are strongly
non-Gaussian as a whole, the upper 50% usually is accurately Gaussian.
For example, they report the following data for bead-blasted .
aluminum ( 8 ):
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Trevas 4.—Cumulaiive beight distribution of bead-
blasted aluminum. Both the distributions of all
beights (X) and of peak beiguis (®) are Gaus
sian. The profile of the same asurface is showa
ia the upper diagram; the vertical magnification
is 5O times the horizontal maguification. / 4 )

and the data on the following page for abraded steel ( 8 ):
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Freoas 8.~Cumulative height distribution of mild
steel specimen. Distribution of all heights, X.
Distribution of peaks, ©. This apecimen was ‘
abraded on 400 grade carborundum paper, then
slid againat a copper block flooded with oleic acld,
at approximately 10 kg, 130 cm/s for 30s. Al-
though the distribution at first sight appears
highly non-Gaussiap, in fact nearly 00 percent of
the surface i Gausslan: the surface, with an
actunl standuand deviation of 80x fn., would be-
have In contact as If Gaunsian with a standard
deviation of halt thin. The profile of the same
surface iy shown in the upper diagram ; the vertl-
cal magnification s 200 times the horizontal
magni8eution. € 4)

Williamson also argues that most surfaces indeed ought to
be Gaussian because of the statistical principle that any quantity
which is the result of a large number of random increments and
decrements will tend to follow a Gaussian distribution (the Central
Limit Theorum of statistical theory) ( 4 ). Most engineering surfaces
are indeed the end result of a large number of independent deforming
processes (grinding, machining, sandblasting, polishing, etc.); and
many other surfaces are made by such processes as casting apainst
engineering surfaces or processing in equipment made from materials
having engineering surfaces. Moreover, the Central Limit Theorum
argues that in almost @iy attempt, human or natural, to produce
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uniformity, the residual errors will be Gaussian provided the attempt

is good enough to exclude systematic or periodic errors. And Williamson's
findings seem to say that even systematic errors leave a Gaussian
distribution in the higher asperities, which are the ones that

participate in solid-solid contacts.

So it seems likely that we can arrive at a useful statistical
description of asperity and junction sizes even if we cannot determine
the sizes of individual junctions during the sliding process. Inasmuch
as the frictional initiation of explosives is itself a statistical
phenomenon, a statistical description of the junctions may well be
quite good enough.

A number of investigators have attacked the problem of
deducing the statistics of junction sizes from statistical descriptions
of asperity heights. Greenwood, for example, has shown ( 9 ) that
the average junction size does not change with the applied load if
the asperity size distribution follows any kind of expomential law.

The original junctions grow, of course; but new, tiny ones form at

just the rate needed to keep the average constant and the distribution
essentially normal. Tabor has pointed out in a comment on Greenwood's
paper ( 9 ) that Gaussian distributions, which as we have seen we
expect to find on real surfaces, are close enough approximations to
exponential distributions to makc the arguements valid for them as well.

We already know the total junction area - it s the area of
real contact. If we could determine the total number of junctions,
we would then have the average junction area; and Greenwood's statistics
would tell us the eantire distribution of junction sizes.

Rabinowicz ( 1 ) has investigated the number of junctiomns
existing during sliding by several techniques, including some statistical
ones. He argues that the real area of contact (the sum of the asperity
junctions) is constant as long as the load remains constant, but that
individual junctions are continually ba..g made and broken in a random
fashion. This gives rise to random variations in the instantanecus
doefficient of friction over a sliding distance which is a function of
the average junction size. Rabinowics derives the diameter of the
average junction from an autocorrslation analysis in which the friction
coefficients fi...f ¢ +fy«.f are measured at intervals off a friction-
distance plot, and Ehe autocofrelation coefficient

n -—
n 0 -DEy D
T " % -k

t’ll(fi - f-.)z

is calaulated ( 22 ). The distance k at which the autocorrelation drops
t- zero is equal to twice the average junction diameter, For copper on
steel, he finds an average junction diameter of 9 X 10°% cm., which is in
reasonable agreement with values derived from measurements of vear debris.

IR R PR R SR

PESRD SRR

| N




hamea At S

-15-

1.0 T T T
Copper on stee!
uniubricated
load = 100gm
o N\ o
. °
05} -
(]
o O
g Py ° o ° .
9
L] o
i >
0 e o e - _+____ ——
&
- | ] ]
0.20 10 15

. -]
Autocorrelation interval & expressed as a distance x 10~*cm

Fig. 3.13. Autocorrelation coefficient of friction traces ss a function of distance
along the sliding track. Bince ry drops to scro in 18 X 10~¢ cm, tho average
junction diameter is 9 X 10~ em.

Table 3.1 Estimates of Junction Diameter

(1)

Combi- Junction (1)
pation load Lubricant Method Diameter Refercnoe
Copperon 1 kg None Js — distance 74 Rabinowics,
ateel 1951
Steel on 1 kg None Ju — distance 6:  Rabinowics,
copper 1951
Copperon 1 kg Cetane Jo =~ distance 8s  Rabinowics,
copper 1951
Copperon 3kg None Particle sise 38l  Rabinowics,
ateel 1053
Copperon 0.1 kg N..oe Jaautocorrelation 104  Rabinowies,
copper 1956
Copperon 0.1 kg Noae Jafuetuations * . 6  Rabinowics,
copper 1080
Steel on 0kg Contsmi- fi—tvafy~» 10p  Rabinowies,
steel oated 1088
Copperon  Any Nobe 24000 v/p 2 Eq. 313
copper
Sieel 00
steel Aay Nooe 94000 v/p 13 Eq. 315
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Rabinowicz also estimates the total number of junctions from
a different treatment of the same statistical data ( 1 ). He points out
that if sn assumption is made as to the range in strength between the
weakest and strongest junctions, and a factor of 2 seems plausible in
many cases, it is possible to estimate from the amplitude fluctuations
how many junctions must have been present at any time. He derives the
expression

1
= I/n

“la

Where:

o = gstandard deviation of friction values
f = the mean friction coefficient
n = the number of junctions

Rabinowicz also deduces the sige distribution of junctions
from autocorrelation data by using all the autocorrelation coefficients,
not just the one at which the correlation reaches zero; and he finds
size distributions in good agreement with those deduced from wear
particle measurements ( 22).

Ling has also dcne calculations in this area ( 13), although
his work has been more concerned with the deformations of asperities
during sliding and is better considered in the next section under the
generaticn of heat between sliding solids. In general, nis results
are consistent with those discussed above.

Jones, et.al., ( 10) and Whitehouse and Archard ( 20) have
also recently published reviews of methods of obtaining areas of real
contact and of the properties of random surfaces in contact. Their
conclusions are essentially those already stated, starting from slightly
different initial assumptions.

Tsukizoe and Hisakado, in a recent trilogy of papers (16, 17, 18 ),
present detailed calculations of the separation, the real area of contact,
the number of contact points, the average radius of the contact points,
and the distribution of radii of the contact points between two metal
surfaces. They assume that the surfaces contain a large number of
asparities in the form of cones of equal base angles, that the heights
of the cones are Gaussian, and that the metal deformation is plastic.

They .iso report empivical measuraments on sluminum surfaces, with good
agreement with the calculated values. These papers are too mathematical
for reviev in this introductory discussion, but they dessrve the most
careful study by anyone who may wish to pursue this line.

s e —— 2
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In summation: although there are still a number of unresolved
problems, there is general agreement that real surfaces consist of arrays
of asperities with a Gaussian distribution of peak heights, that such
surfaces contact each other only at junctions of aggregate area much
less than the total apparent area of the surfaces, and that there are
techniques for calculating the number and the size distribution of the
junctions.

There are some fairly dubious assumptions built into some
of these derivations, for example the assumption of purely plastic
deformation of asperities; but other mathematical analyses have shown
that it really does not matter if certain other assumptions, such as
an exponential distribution of asperity heights, are true ( 9 ).
There are also some contradictory assumptions in some of the complementary
arguments; for example Rabinowicz assumes all junctions the same size
in his autocorrelation treatment (22 ) which was used above to derive a
junction size distribution; but the invocation of Gaussian distributions
can rationalize a lot of that kind of thing too.

All the models have been criticized on the basis that real
surfaces do not consist of idealized cones or wedges or sphere sections;
but it has been shown that it really does not make much difference what
the asperity shape is or what the exact deformation law is - one still
gets an acceptably-Gaussian distribution of junction sizes, and one gets
reagsonable agreement with empirical data in test cases.

Nothing is yet known about the topography of the surfaces of
explosive blocks, and some measurements should be early on the agenda
of any program to adapt these insights to the study of explosives; but
it would be surprising to find that explosive surfaces did not consist
of asperities Gaussianly distributed.
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THE GENERATION OF HEAT BETWEEN SLIDING SOLIDS

The generation of heat between sliding solids has been
familiar since the first caveman slid down a vine and burned his
hands. Boy Scouts use it when they rub two sticks together and
start their campfire. We contend with it daily in the bearings of
all our machines. In fact, in many machines such as automotive or
helicopter transmissi.as, only an infinitesimal amount of the oil
used is actually needed to lubricate the gears - all the rest is
required solely as a coolant to carry away the heat generated by
the friction between the gears. If the heat is not removed, the
result can quickly be disastrous for the gears. In the case of
sliding explosives, failure to deal with frictional heat can be
even more dramatically disastrous.

It is easy to determine the heat generated in a simple
sliding situation. It is simply the thermal equivalent of the work
expended in making_the object slide against friction: omne calorie
for each 4.18 X 107 ergs. This datum is seldom easy to obtain in
a hazard situation wvhere one might have a shower of complex shapes
cascading down under gravity, but it is easy to obtain in a laboratory
situation where one can set up simple, measureable operations and
collect quantitative daca.

The gross amount of heat is not the datum of interest for
an explosive, though; one wants to know the resulting temperature in
a given volume of explosive and the size of the volume which reaches
the given temperature.

The interface temperature can be estimated from conventional
heat flow equations by assuming that the heat is generated in the
interface and conducted awvay into each of the two sliding objects
according to their respective thermal conductivities. For the case
of an infinitely long c¢cylinder rubbing end-wise on a flat plate at
moderate sliding speeds: '

AT = m%_—rz-y (Equation A)
Where:

AT = Mean temperature rise above the rest of the material
f = The coefficient of friction

L = The aormal load (in force units)

J = The mechanical equivalent of heat

r = The radius of the rubbing cylinder

and k; and k, are the thermal conductivities of the

two contacting surfaces.

baa. . ..
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The simple equation above needs many corrections and
elaborations for real situations. At high sliding speeds, far more
heat flows into the plate, which continuously sends new, cool material
into the zone where heat is generated, than into the cylinder, the
same part of which always remains at the interface. This problem has
been attacked by m any investigato.s, including Blok ( 31 ), Jaeger (40),
Bowden and Thomas (33), and Archard (32).

Prancis, in a forthcoming paper (41), derives an analytic
expression for the steady-state interfacial temperature field in a
sliding circular Hertzian contact, taking into account the difference
in bulk temperatures of the two bodies and the ellipsoidal distribution
of the frictional power in the contact area:

Tl ;) N ;‘4'2*%55 (?'S‘)m(l + -'W[o.ss (71-:(;)')

+om (;h’-‘—))m])b‘"om-) |

He derives a formula for the maximum interfaciul temperature T in
L 2R

terms of the total frictional power {, the radius of the contact R
the thermal conductivity k, and a dimen lonless parameter B which

»dascrtboa the power distribution.

Tou®= Ne,0) =
| /e Rk
1.996 - 1,091 - 0537 +
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Francis' paper, in the form of a preprint of his presentation to the
25th ASLE Annual Meeting in Chicago, May 4-8, 1970, is included in its
entirety in the appendix because it 15 not yet readily available from
standard sources. ‘

For hot-spot calculations, the radius r and the load L of
equation ( A) should be those for a single asperity junction, and their
sums should equal the area of real contact and the total load, respectively.
If one knew the total number of junctions and the size of each, one could
pro-rate the load on each and the amount of heat flowing into each, and
calculate the resulting temperature rise at each. One in general does
not knov much about individual junctions, but some approximations are
possible.

Rabinowicz (1) shows that the radius of a junction is related to
the surface energy y and the hardness p of the softer material by the
order-of-magnitude relation:

r = 12,000 L
p
and that the load L an asperity will carry is its area times its hardness:
L = mr?p
Substituting An'équation (A ), he obtains the final expression:

ST = 9400f
J(k, + k2)

and calculates flash temperatures on individual junctions as follows:

Material f Y k AT/v (°C/cm/sec)
Brass on brass 0.4 900 0.26 0.15

Steel on steel 0.5 1500 0.11 0.75
Bakelite/Bakelite 0.3 100 0.0015 2.2

Glass on glass 0.9 500 0.0007 70.6

The approximations involved are rather gross, and they include the
assumption that the total load is not a factor; but they give an idea
of the magnitudes obtainable.
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One could also plug in a Gaussian distribution function, as
discussed in the preceeding section, and obtain a statistical
description of the entire array of junctions. This should be quite
adequate for the explosive situation, since explosive initiation is
also statistical in nature. (In fact, the statistical nature of
explosions is one of the strong arguments for Gaussian distributions
of asperities.)

Ling has done a good bit of this (36), and has derived
expressions for the instantaneous temperature of an asperity junction
using a stochastic model of junction formation and breaking during
the sliding process. At a sliding velocity of 5000 ft/min, he
calculates flash temperatures of around 1800 °F for steel-on-steel,
with variations from approximately 500°F to 2000°F.

For explosives, still another factor becomes important in
attempting to calculate the temperature of a frictional hot-spot: the
explosive will begin to decompose quite exothermically at some elevated
temperature, and the temperature will run away, perhaps explosively.
Fortunately, this process at least has been well studied, and expressions
are available to calculate the thermal evolution of a hot-spot as functions
of both the hot-spot size and temperature. For example, Zinn (48 )
expresses the progress of an exothermic reaction proceeding by first~
order kinetics in a medium of thermal diffusivity k by:

3T/5t = kV2T + (Qz/C)we~E/RT

where the symbols have the usual meanings. A more useful expression
is the Zinn-Mader (49 ) formulation for the minimum explosion temperature:

a2
= a—-f(E/Tm - E/Ti)

t
exp
where: .
texp = time to explosion
a = gample thickness
o = thermal diffusivity = A A = thermal conductivity
E = gctivation energy ¢ P : densi;g heat
Tm = minimum temperature ¢ = specilic hea
for explosion
Ti = gurface temperature

The function ;° is a complex one best handled graphically:
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It still remains for someone to.integrate all these approaches
into a coherent, quantitative description of the formation of hot-spots
between sliding blocks of explosives. Expressions are available for the
amount of heat generated, for the number, size and distribution of
asperity junctions, for the temperature profiles in and between the
junctions and their variation with time, for the flow of heat through
the junctions and into the bulk of the explosive blocks, and for the
thermal evolution of hot-spots in the explosive. This would be an
ambitir:s undertaking, and its execution is far beyond the scope of
this stady.

Physical mechanisme for heat generation

The fcregoing discussion has dealt with the fate of heat
generated between sliding solids to the neglect of the actual generation
of that heat. One does not need to know the origin of heat in order to
understand its flow and effects, but some consideration of the mechanisms
of heat generation is useful in understanding friction.

Viscous flow can take place in either a liquid ov a solid, and
the resultant heating is directly proportional to the work expended in
causing the flow. For example, for shear in a thin film:

H = pAU2/h

where:

H = work per unit time dissipated into heat
u = viscosity of the flowing material

A = area of the sheared film

U = gliding speed

h = thickness of the sheared film.

For a typical oil in a reasonable machine bearing, one can plug in
appropriate values of 3.3 X 10-6 for u, 25 Sq.In. for A, 300 in/sec
for U, and 10~3 in. for h, and obtair a value of 7430 in-1b/sec, or
1.125 HP, or 840 watts of heating.

If all the heat remained in the oil, and the oil stayed in
the clearance space, the temperature would rise at the rate of H/Vc,
where V = the volume of the film and ¢ = the heat capacity of the
oil per uunit volums. Taking ¢ * 140 in-1b/cu.in.°F for a typical
petroleum 0il, one calculates 2120°F/sec.

- -—— - —— t—
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Such drastic heating rates do not occur in normal practice
because heat is lost. into the massive heat sink of the metal parts and
because hot oil is continuously extruded and fresh, cool oil is
continuously supplied. In cases of lubrication failure, the reality
of the above numbers is quickly apparent as bearings overheat and
sieze. One observes actual melting of even hardened steel surfaces.

Such heating rates may also be entirely realistic in the case
of a sliding explosive, where the "lubricant" is molten explosive or
even the surface layers of the solid itself, the shearing rate may be
extremely high and the heat conductivity of the solid is low.

Calculation of heating for cases other than that of a
well-defined, lubricated bearing is difficult, because it is seldom
possible to pin down the properties or the dimensions of the material
being sheared. In fact, even the calculation for the bearing is only
grossly correct. It gives the averaged temperature for the entire
volume of the oil film; but the oil film is not sheared uniformly,
it contains a shear gradient and a consequent temperature gradient.
The local heating in zones of highest shear can be very much greater
than the overall heating.

Non-uniformity of heating has been studied by Appeldoorn,
et.al., for fluids forced through a capillary (46 ). For adiabatic,
incompressible flow, the bulk heating is a function of the driving
pressure, and the specific heat and the density of the fluid:

ATb - P/CVDJ
where:
ATb = the bulk temperature rise
P ~ = the driving pressure
Cv = the spacific heat of the fluid
p = the density of the fluid
J = the mechanical equivalent of heat

AT, for a typical hydrocarbon oil is about 7°F for each 1000 psi.

But this is only an average value; the actual temperature
profile is very non-uniform across the capillary because the shear
is vevy non-uniform. It is well known that the flow profile across
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a pipe is approximately (not exactly) parabolic, with the fluid at
the wall essentially motionless and that at the center essentially
not in shear.

(Arrows indicate velocity vectors)

Appeldoorn, et.al., have shown experimentally (46, 47) that this flow

(and shear) profile is reflected in a temperature profile which is
similar:

A . ¥
1.0 0.5 0 0.5 1.0
Capillary radius
and they have measured temperature rises at the wall as high as 140°F
for the case where the bulk rise was only 7°F.

For the case of one solid sliding upon another without
lubrication, the shear gradient may be very steep indeed; and the area
of shear may be very small, ¢.¢.: the area of real contact, which
is vastly smaller than the bulk area of contact; so that the local
hot-spots due to shear may be very hot indeed.

Nothing limits the above phenomena to liquids. Sclids can
flow too, under sufficient pressure; and sufficient pressure speciiically
exists in an asperity junction already loaded to the plastic flow point.
The following diagram which has been used repeat.:dly by Bowden ( 3 )
illustrates the point:
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Plastic flow Fehs

Tuwo solids placed in contact are supported on
the summits of surface trregularitics. The pressure exceeds
the yield pressure p,, of the solid, w hich flowes plastically until
the area of contact A is sufficient to support the load ¥
Hence A = Wp,. The matericl around the regions of
contact will be elastically deformed. If s is the shear strength
of the junctions, F = As.

Solid flow also exists whenever a high asperity of a hard
surface plows a furrow in a softer opposing surface. In addition to
cutting shavings, such plowing usually leaves a ridge on either
side of the furrow, and this has to be due to the plastic flow of
solid material. The pressures in psi are tremendous; so are the shear
gradients, and so are the local temperatures.

Note also that the melting point of a rubbing material does
not limit the temperature rise, as is so often stated. If the pressure
and the sliding speed are maintained, the molten material will be in
severe shear and will be heated further by viscous flow. This is the
reason why organic explosives which cannot be ignited by slow sliding

oan be ignited by fast sliding; fast sliding forces the molten layer

into severe shear. It is also the reason why grit increases the friction
sensitivity of an explosive: a melting asperity collapses and reduces
the pressure somevhat, while a rigid grit particle maintains the local
pressure and forces the molten material into severe shear through narrow
clearances.

The phenomena of viscous and plastic flow probably account
for most of the heat produced in solid and in lubricated sliding. The
breaking of asperity adhesions may involve other phenomena such as
surface energy effects (ses Rsbinowics, chapter 6); but this too may
be accountable by the heat of the plastic delformation of the asperity
Just prior to rupture.

Elastic hysteresis has been mentioned as a possible source of
heating as an asperity deforms elastically under load and then recovars
its initial shape with rvlease of its stored energy. In most cases, most
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of the stored energy probably goes back into the deforming asperity
to boost it on its way as it departs, but at least one case has been
reported ( 45) of glass particles becoming incandescent apparently
after the deforming slider had departed. In viscoelastic materials
such as rubber - and perhaps some PBX - there is a bulk hysteresis
loss which is significant. In fact, it is the major mode of energy
loss in a rubber tire on a wet or icy pavement, and it accounts for
nearly all of an automobile's traction in such cases (68, 69, 70 ).
As every motorist knows, the effect is very small compared to the
normal dry adhesion of a tire to pavement.

It should also be noted that "elastic" s a deceptive word.
Few, if any, materials are perfectly elastic. A repeatedly flexed
spring will get hot, not from elastically stored energy which is given
back to the deforming source, but from hysteresis losses which are really
flow losses. So will a rubber tire. Nevertheless, the heating is
still real; and hysteresis losses may make their contribution in some
cases. Most authorities, though, feel tha: it is a minor contribution
compared to plastic and viscous flow.

There are two other important phencmena associated with
siiding and grinding processes: fracture and electrostatic discharges.
They are both outside the scope of this study, and they are probably
of minor consequence in most frictional initiations; but mention of
them needs tz be made. N

Fox and Soria-Ruiz, of the Cavendish Laboratory, have
studied the "apparent temperatures" generated in the leading edge of
a crack propagating in an explosive, and have found them to reach
values as high as several thousand degrees (81 ). These are not actual
temperatures; they are those temperatures one calculates from the
observed rate data using kinetic parameters derived from more ordinary
experiments, and they may or may not c¢' rrespond to thermsl temperatures.
Nevertheless, thay are most provocative; and they suggest that surface
enargies may play significant roles in brittle explosives.

I: has also been reported (118) that the work required to
form one square centimeter of nev surface on 51203 is highly dependent
upon the mathod used: '

Method Exgs
Pulling 500
Zarc creep 700
Dry crushing 100,000
Crushing under

liquid 75,000

:
]
i
]
’




Clearly, crushing requires the expenditure of much more work than 1is
recovered in the formation of new surface. The rest must appear as
heat. The 25% reduction by wetting is also provocative, and has
similar implications.

At this writing, Fox has an active program on the subject, and
he has promised a paper specifically directed toward fracture initiation
of explosives.. It is recommended that interested investigators await
Fox's paper. This study contains no further reference to fracture except
a bibliographic listing of publications which were encountered in the
field in the course of the literature search.

Electrostatic discharges are frequent concomitants of sliding,
and they may be important initiation sources, particularly for primary
explosives; but they are not "friction", and they are beyond the scope
of this study. Piezoelectricity and the emission of exoelectrons from
freshly broken or abraded surfaces are closely relat¢d phenomena which
may also be important, but they too are beyond the scope cf this study.
The entire subject of electrical friction phenomena is a large one, and
could easily absorb a study larger than thic one. The bibliography
contains a number of excellent starting places for suyuvne interested in
pursuing it.
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4. FRICTION HAZARDS TO EXPLOSIVES

This study has found no magic for reducing frictiom or
friction hazards - except for the ancient magic of lubrication -
and the study and control of friction hazards remains very much a
Black Art. For tne time being at least, the testing and the safe
handling of explosives remains highly empirical; and innovations
should be made only with the greatest caution.

LABORATORY FRICTION SENSITIVITY TESTERS

There is a bewildering variety of friction sensitivity
testers, and the number of variations is approximately equal to the
number of active laboratories. The testers are all highly empirical,
and their value is usually limited to a particular application in a
particular time and place; they do not yield fundamental data. They
are only partially successful even in yielding empirical data, partly
because the hazardous stimulus is usually quite difficult to identify
and simulate, but mostly because the essential nature of friction is
only dimly understood. In these circumstances, it is neither practical
nor profitable to review each tester in detail: it seems better to
review the principles of operation and critique them. Detailed
descriptions of individual testers may be found in the literature
through the attached bibliography.

Most friction sensitivity testers are attempts to produce
a realistic, usually small-scale, simulation of actual processing
operations or accident situations; and they can be grouped into three
categories:

(1) Those which shear a thin layer of explosive between two
rigid plates of steel or other material of construction.
Some of these are lineal and single-pass, and some are
rotary and continuous.

(2) Those in which a block of explosive is rubbed violantly on a
hurd or abrasive surface.

(3) Those in which a'ga-plc of explosive 1s subjected to extreme
deformation in an {mpact cr extrusion event.

* The word "empirical” is not used in uerogation. The writer
is an enthusiastic empiricist, on the grounds that empiricism is
necessary to keap theoreticisns honest. But it is al«0 true that
sound theory is nsceasary to keep emp'ricists relevant, and this -tudy
attempts to lﬁphllili fundamsentals.
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The Shear tests are the most popular, and they are represented
by the (British) Explosives Rescarch and Development Establishment
Mallet Friction Test ( 51), the E.R.D.E. Emery Paper Friction Test for
Sensitive Explosives (51 ), the E.R.D.E. Sliding Block Friction Test (51 ),
the U.S. Bureau of Mines Pendulum Fricticn Test ( 51), th. USNOTS
Pendulum Friction Test ( 51), the Picatinny Arsenal Pendulum Friction
Test (51 ), the Allegany Ballistics Laboratory Sliding Friction
Machine (56, 57, 58 ), the Esso Friction Screw (66 ), and others.

All the Shear tests squeeze the sample between two tool faces
of steel or other material of construction and subject it to shear by
means of a sliding motion of the two tools. They use varying Jegrees
of pressure from weights, springs or hydraulic cylinders; and they use
varying sliding speeds. The pinching surfaces can be steel, fiber,
aluminum, glass, or any other material the investigator thinks realistic
of a potential real event. The surfaces can be smooth or rough, and
they can incorporate added grit of varying hardnesses.

Most of the Shear tests are intended to be simulative of
process or accident hazards, such as the pinching of a sample between
the blade and the wall of a sigma blade mixer, or the pinching of a
sample between the threads of a bolt and its bolt-hole. The ABL
Sliding Friction Test (56, 57, 58 ) is probably the best of these, and
it has been widely copied in this country.

The common weakness in all the Shear tests is that thev have
little to do with the friction properties of the explosive itself; the
friction is mainly between the two plates, or the mallet and the anvil,
with the explosire playing a minor role as a lubricant or as an acceptor
of heat generated by the rubbing of the two plates. The explosive is
doubtless shesred like a viscous liquid to some extent, but it is never
clear to what extent. The tests arc simulative of real pinching events,
and they do furnish empirical estimates of degree of hazard, which is
their intantion; but they ace not susceptible of detailed analysis, and
they cannot give fundamental insights. Thay combine too many, too
complex, phenonena.

One Shear test, the Esso Priction Screw (66 ), was developed
as a purely empirical test to correlate with accident experience in the
laboratory handiing of NF compounds; but it has promise of yielding
fundamental data, given sowe further development. It subjects the
sample to slov shear bstwesn two plates under ever-incrasasing prassure
and in the presence of added grit. The main friction is emphatically
not that between the two plates; becsuse it makes no difference vhether
the plates are steel, aluminum or Teflon in most cases, and it makes
little difference how rapidly the screv is turned.  The overriding
independent varisble is the hnrdncus (not the melting point) of thc
added grit.
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One can speculate that the grit particles act as the contacting
asperities between the two plates, and that the axplosive ucts as the
lubricant or separating film between asperities. Pressures are such as
to crush the grit particles, so that the grit hardness (= crush strength)
controls the asperity-asperity contact pressure. Sliding speeds are so
low as to preclude gross bulk heating, so that the temperatures
generated must be simply the Flash Temperatures on the asperit: tips.

The flash temperatures are probably not calculable from the dry friction
models discussed in Section 3, since the contacts are lubricated by the
sample; but they may be calculable from models currently being developed
at Esso Research and Engineering Company for Boundary Lubrication. This
work is incomplete &t this writing; but {t will be published during 1971
( 80), and a preliminary version is given in the Appendix of this study.

Violent ru>king of a block of explosive on a hard external
surface does involve tha frictional properties of the explosive itself;
because the explosive is the softer material, and its shear strength
and penetration hardness will be the ones of importamce. Such tests
are typified by tne Pantex Skid Test (51 ) and the A.W.R.E. Oblique
Impact Test ( 51). The Canadian Friction-Impact Test is also an example.

The Skid Test and the Oblique Impact Test hardly qualify as
small-scale laboratory tests, since their sample is on the order of
20 pounds; but they are controllable experiments, and they could yield
fundamental data if coupled with mathematical modeling such as is
recommended horein. A somevhat different mathematical analysis of the
Pantex Skid Test is currently being carried out at Lawrence Radiation
Labhoratory ( 62), and it should appear soon.

The Canadian Friction-lmpact Test, in which a torpedo slides
down an inclined track to strike a 50-my sample a glancing blow ( 51),
probably uses too small a sample for satisfactory isolation of effects;
but 20 pounds is certairnly not nscessary, and some *ntcruediata size
ought to be both optimum and couvenient.

Dyer and Tayler have recently reportc! a1 new test vherein
a 25 mm cube of explosive is pressed agsinst a friction surface which K
is suddenly jerked away with a sliding motion ( 61). This is about 4
the right size, although it may e just a bit on cthe large s!de for
laboratory work. This tast ought to be subjected to careful analysis
coordinated with a mathematical wddeling such as is tuggc:tcd in
Section 5. It has great promiss.

Dyer and Taylor also report interesting studies with gricg,
and their data somevhat parallel those from the Esso Friction Scraw.
These studies also ought to bu extended, in the light of the Esso
results and in the Yight of the principles discussed in this report.
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Violent, extreme deformation is employed in the SUSAN Test ( 51),
wherein a one-pound sample of explosive contained in a special projectile
is fired against a hard target at controlled velocities. This is, of
course, an "impact” tast; and LRL, the originator, classifies it as one;
but it has been reported that the sample undergoes extreme deformation,
expandii to several times its original diameccr with a corresponding
reduction in thici:ness before exploding. This sounds very much like
plastic or viscous flow w!th comsequent heating, as described in Section 3.

For that matter, any impact test, including the BuMines, the
NOL and the Picatinny Arsenal impact tests; look to this writer as if
they had a large component of violent deformation via plastic flow.
This may be cne reason impact tests are so notoriously hard to analyze.

There are several other friction tests currently under
development by various groups, but none of them show much promise
of breaking new ground. The AEC has one in which an abrasive band
pressed against an explosive sample is suddenly pulled away with a
sliding motion while the pressure is maintained (119). The "friction"
is greatly confounded with gross wear of the explosive, and one does
not know whether the friction is between the abrasive and the explosive
or between che explosive and other explosive loaded into the abrasive
band.

There are also several rotary friction machines in various
stages of dev:lopment. There was one at Thickol a number of years
ago, McDonnell Douglas Corporation built one a couple of years ago
(59), B.R.D.E. announced one in February 1970 (60), and one i urder
development at Picatinny Arsenal (120.

These machines in general shear the sample between rapidly
rotating plates for various periods of time. The shear is something
like that in a journal bearing, and the heat generation may be subject
to analysis in 8 similar manner. Thec treatment is discussed briefly
in Sectiou 3.
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Some_suggesied new approaches

The planning of the development of improved friction
sensitivity testers requires the identification of the factors
which are really controlling in frictional initiation of explosives,
and that may have to await the outcome of the theoretical studies
recommended in Sectiom 5. . For planning purposes here, let us make
several alternate assumptions and see where they lead us.

Assumption 1: The important friction characteristics are
those of the solid explosive surface itself. This assumption is
plausible because of the high coefficients of friction and the low
thermal conductivities of most explosives compared with those of most
metallic materials of comstruction. If this be the case, then testers
typified by the ABL Sliding Friction Machine are on the wrong track;
and testers such as the Dyer and Tavlor machine would be better. The
assumption requires that container-on~container friction be eliminated
and that siiding be confined to explosive-on-explosive or explosive-on-
container.

If the assumption is verified, then further development of the
Dyer-Taylor machine is indicated. It needs to use a smaller sample for
laboratory safety and convenience, and it certainly could since most of
the present sample is far removed from the surface. It also needs to
have the capability of higher sliding speeds and higher r-essures up to
the strength limit of the explosive block. A slightly modified apparatus
could also measure the coefficient of friction of the explosive surface,
and that should be done by adding a strain gauge to the slider.

Assumption 2: The important frietion characteristics are
those of the container surfaces, not the explosive itself. This
assumption is also plausible because of the generally low strength
of explosive solids. They abrade and melt under friction, and the
temperature rise is strictly limited. If this be the case, then the
ABL machine is on the right track and the Dyer~Taylor machine is wrong.
Moreover, the hot-spots must be generated on the asperities of the
test tool faces; and the important characteristic of the explosive is
simply its thermal sensitivity, which can be evaluated more directly in
other ways (for example, the modified Picatinny Arsenal Autoignition
Test developed by Coburn and Brown (67 )).

If this assumption is verified, then construction of an ABL
machine is recommended, with provision to interchange tool faces of any
given material of construction. The thickness and disposition of the
explosive sample layer probably needs to be optimized too.
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The Esso Fricticon Screw provides an alternate, or perhaps a
complementary, apprcoach to this assumption; and it is a lot cheaper
than the ABL machine. It is likely that the Esso Friction Screw
produces its hot-spots by grit-on-grit friction, with the explosive
acting as a heat acceptor; and the thickness of the explosive film is
controlled by its film strength and viscosity. The grit could be
metallic particles, and the problem of surface finish and flatness is
obviated.

Still another alternate under this assumption is to measure
the friction characteristics of the container materials without any_
explosive present and measure the thermal sensitivity of the explosive
separately. This requires the success of the Section 5 theoretical
studies, and it is probably not empirical enough to inspire confidence
in safety decisions.

Assumption 3: The important factor is not sliding friction
at all, but rather heating from visecous or plastic flow of the explosive.
If this be the case, then none of the existing friction testers can be
very good; because they all involve a great deal of sliding friction,
and the flow of explosive is only what results incidentally.

A machine designed to test this factor should provide a fixed
clearance large enough to preclude container-container contact, and
should provide a controlled pressure to cause the flow. One appvoach
would be to squirt the explosive out through a jet like a hypodermic
syringe, with the test flow occuring in the needle. This would be easy
to analyze by the calculations discussed in Section 3, but it would be
difficult to comstruct mechanically. There would be sliding friction
between the plunger and the barrel, and quite a bit of plasticity would
be required of the explosive.

A better approach would be to force the explosive up through
an annular orifice as a plunger drives down into a closed cup:

HYardened steel

Cast or packed
explosive sample

The plunger needs to have a short stroke to avoid collision with the
vottom of the cup, and it needs to move with a controllable high speed.
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It also needs very rugged guides in order to maintain close clearance
without dauger of accidental contact with the cup wall.

Such a test is cbviously workable with liquid or soft
explosives; it is not so obvious how well it would work with granular
or brittle explosives. It might be that their strengths will be small
compared to the loads imposed by the test fixture, so that they too
will flow. There might also be a large amount of particle-particle
surface friction, but the assumption here is that that is not important

anyway.

Another variation of this concept would be to crush a pellet
of explosive so as to force it to flow out into a thin disk. This
might be done in a hydraulic or pneumatic press with a short, powerful
stroke, or the pellet might be crushed under the rim of a wheel. Tt
might also be done in an impact tester; in fact, an impact tester may
actually be nothing more than a friction tester after all. The writer
has yet to see a satisfying amalysis of its action on solid samples
in terms of compression or shock waves. '

Crushing has certain attractions from an empirical point of
view because it is a realistic process and because it automatically
adjusts itself to widely different physical properties of the explosive.
A liquid or soft sample will flow, with heating due to viscous shear;

a brittle sample will crush, with whatever effects the formation of new
surface entailg and a rubbery sample will deform and recover, with
attendant heating due to hysteresis losses. The same considerations make
it less attractive for the gathering of fundamental data.

TR BIMETIR, 15

HAZARD REDUCTION TECHNIQUES

L ]

There is no magic to eliminate friction or its effects.
Friction is basic to the very nature of matter, and about the best we
can do is to moderate its effects by suitable mechanical design and
operating limitations.

Lubrication is nearly magic, though. It provides a low
shear strength interface and thereby drastically reduces the coefficient
of friction, and it also provides a heat:sink to cool the hot-spots
which do form. The best lubricant is one with a high film strength so
that it will separate the solid surfaces and keep them separated, but
the materials which are best for this (fatty or petroleum oils) are
difficult to get rid of when their function is finished; so a better
choice for explosive processing is water or a volatile hydrocarbon or
halocarbon, or a lower alcohol. A still better choice, when it can be
done, is to use a liquid which can remain in the finished composition,
such as the plasticizer in a composite explosive.
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There is nothing new about lubrication, of course. It has
always been the practice to handle primary explosives only when they
are wet with water or alcohol, even though it has been demonstrated
that wetting does not reduce their sensitivity to impact or gevere
friction ( 55). It does reduce their sensitivity to gentle frictionm,
which is what one has in normal handling.

Limitation of rubbing pressures and velocities is also
obvious and has always been practiced. Clearances between mixer
blades and walls should be as wide and blade speeds should be as
slow as is consistent with adequate mixing. Extruder plungers and
screws should move slowly. On the other hand, bearings and compression
rams should fit as closely as possible in order to keep explosive
materials from e.tering the clearance space.

Grit should be carefully excluded, because it can introduce
severe friction where there would be none in its absence. I% may even
be desirable to substitute softer materials for ingredients of the
explosive itself. For example, powdered aluminum is a safer choice
than powdered boron for high-energy rocket propellants because of the
hardness of the boron (67 ). Similarly, the use of aluminum hydride
gives very friction sensitive materials because of the hardness of the
aluminum hydride (121).

Low-friction teol and container surfaces are desirable on
principle because of the danger of gemerating hot spots by their
rubbing on one another. Brass-on-brass is better than steel-on-steel
because the lower coefficient of friction and the higher heat conductivity
both act to reduce the flash temperatures attainable. It is even
better to make cne surface Nylon. But not Bakelite - Bakelite's very
low heat conductivity leads to very high flash temperatures. Surface
finishes should preferrably be around 20 to 50 microinches, because
both smoother and rougher surfaces give higher friction coefficients.

It is also good to make the two contacting surfaces of
dissimilar materials which have little or no mutual solubility. Steel-
on-steel can sieze if the parts rub hard enough to cause asperity-asperity
welding, but lead-on-steel cannot because lead is insoluble in irom.

Nylon and steel are similarly insoluble and cannot sieze. Most plastics,
however, are poor choices against another plastic surface, because there
is often mutual solubility with high coefficients of frictionm.

Diseimilar materials are good from another point of view as
well. They give an opportunity to use one material with a favorable
surface energy and/or yleld strength and another with a favorable
surface finish and/or heat conductivity, and have the best of both worlds.




Actually, it should not be surprising that this study has
not produced startling new insights. After ail, intelligent peopvle
have been facing these problems for a very long time; and they have
come empirically to most of the right answers. It would be surprising
if this study had found them wrong.

What this study can do is to illuminate the reasons for the
empirical rules of thumb and to guide the choice of new materials such
as plastics when plants are modernized and the old rules of thumb do
not cover the situation. Plant designers should get up to date on
the science of friction by studying the authorities in the field, and
Rabinowicz ( 1 ) is an excellent place to start. It would also be well
to retain expert consultants to review the friction aspects of the

design of new facilities, and Rabinowicz himself would be a good choice.
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5. SUGGESTED FRICTION RESEARCH TLZICS

This review has turned up a number of places where the
science of friction and friction sensitivity is not yet adequate
but where there are clear opportunities for advancement and where
the logical next steps are clear. This section outlines some of
the more attractive and better defined ones.

A MATHEMATICAL MODEL OF FRICTION IGNITION

The foregoing discussion has mostly been rather qualitative,
partly because a quantitative analysis of the various processes was
beyond the objectives of this study and partly because the kind of
quantitative analysis which is really needed has not yet been made.
Nevertheless, a quantitative study is needed if the findings are to
be of maximum use. It is necessary to determine just how large the
various frictianal effects discussed really are in situations involving
explosives and to compare their magnitude with those of empirically
observed explosion hazards.

A quantitative theoretical program is recommended to integrate
the approaches sketched out in Section 3 into a complete, quantitative
model of the formation of initiating hot-spots. Mathematical expressions
are available for the amount of heat generated in sliding, for the
number, size and spatial and size distribution of asperity junctionms,
for the temperature profiles in and between the junctions and their
variation with time, for the flow of heat chrough the junctions and
into the bulk of the explosive blocks, and for the thermal evolution
of the hot-gpots in the explosive. This is essentially a job for a
mathematician, or a very mathematically inclined Materlals Scientist.

It might be an excellent project for a selected Materials Scientist on
a post-doctoral year.

Most of the mathematical models required have been introduced
in Section 3, including the Zinn and Mader models (48, 49 ) of tle
growth of hot-spols in an explosive. The only additional model . ~rdied
is one for the critical conditions for a hot-spot to lead to explosion,
and this is fucnishad by the work of Boddington (50 ). He has
calculated the critical sizes and temperatures for runaway in a number
of common explosives by proc.«dures wmore rigorous than those of Zinmn
and Mader, and they are summariszed in the following figure:
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docay of a thermal spike cnvued by o fision (rag-
ment (corrected W k equale 1),

Successful execution of the program envisioned should enable
the quantitative prediction of the probability of explosive initiation
by any given frictional process without recourse to empirical testing,
knowing only the fundsmental material properties of the materials
involved and the speeds, pressures, etc., of the mechanical events.
Comparison with empirical reality will reveal vhether the chosen frictional

processes are indeed the critical ones, as is discussed in the following
paragraphs.
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EXPERIMENTAL TEST OF THE MODEL AND APPLICATION TO HAZARD CONTROL

The validity of the model developed in the first suggested
project will depend completely upon the relative importance of the
processes chosen for incorporation, and this furnishes a way to
determine which process or processes actually are dominant in any
given hazard situation.

For example, if a model assuming the generation of heat by
explosive-explosive friction is found not to correspond to reality;
it would imply that that assumption is not valid and suggest the
substitution of a different agsumption such as the generation of
heat bv metal-metal friction or by viscous shear. The model which
best describes empirical reality is by definition the one which
incorporates the frictional processes which really are controlling.

Once the critical processes are identified, the lessons for
in-piant hazard reduction will be obvious. For example, if the study
were to show that metal-metal friction was not important and that only
explosive~explosive friction would lead to trouble, we could quit
vorrying about materials of construction and concentrate on preventing
the sliding of one block of explosive on another. Similarly, if viscous
shear turned out not to be important, we could quit worrying about
maintaining wide clearances and concentrate on preventing actual metal-
to-metal contact. Nature being what she is, conclusions will probably
never be that clear-cut; but there should still be lessons for hazard
control.

Modeling will also reveal whether still other phenomena such
as fracture or frictional electrification need to be studied. If the
models account adequately for the empirical observations, "other effects"
can pretty well be forgotten; however, if they do not, it will dbe a
clear indication that the "other effects" need to be explored in depth.

DEVELOPMENT OF IMPROVED FRICTION SENSITIVITY TESTERS

As discussed in Ssction 4, there is at present a vide variety
of empirical friction sensitivity testers, none of which is really very
such good. The modelling studies proposed above vwill help t5 weed out
some of them by revealing which ones' principles of operation are valid
and which are not. They will also help to guide the development of new
and better ones. This subject has already been discussed in Section &,
and it will only be recapped here. '
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It is suggested that three, perhaps four, different types
of testers be studied, cmbodying different basic assumptions as to
the critical friction process or processes. These would be (1) A Dyer-
Taylor type machine in which an explosive block is rubbed on a hard
surface at controlled pressures and speeds, (2) an ABL machine in which
the explosive is a thin film between two hard rubbing surfaces, (3) the
Esso Friction Screw in which the explosive is a thin film between grit
particles rubbing without bulk heating, and (4) an extrusion-type
machine in vhich viscous and/or plastic flow can be studied, or alternatively
a crushing machine t2 study the same processes.

This study is complementary to the modelling study ir that
each machine emphasizes some basic frictic process and some on. model
ought to be appropriate to each; so the experimental and the theoretical
progranms serve as tests of each other.

Again, nature being what she is, it is unlikely that results
will be clear-cut enough to discard any one approach completely; and
it may be that all the testers should be retained and used where
appropriate. It may be best to match the tester to the particular hazard
problem, with the guidance of the theoretical models.

FRACTURE AND ELECTROSTATICS

This report is believed to be fairly conplete*inasresards
friction itself, but there are other phenomena associated with sliding
and grinding, and they are not covered herein. Among these phencmena
are crushing and fracture, and fricticnal electrification. They may
or not be important effects, and the modelling studies above are designed
partly to determine whether such additional processes need to be invoked
to explain frictional initiation of explosives. If they are needed,
then prograns are needed to investigate them in depth; and each program
will be at least as large as this one.

Fracture and eslectrostatics are beyond the scope of this study,
and no attempt was made to cover the literature on them. Nevertheless,
articles on them vere inevitably encountered; snd the ones which were
encountered are included in the bibliography to serve as a starting
point for any future detailed survey.

® Not exhaus’ive. It was necessary to reatrict the scope of
this study in order to preserve useful depth; but {t is helieved that no
major {nsights into friction have been missed. If any have been missed,
it {s hoped that reviewers will bring them to attention.
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SUMMARY OUTLINE OF SUGGESTED RESEARCH

A MATHEMATICAL MODEL OF FRICTION INITIATION
The amount of heat available from sliding
The statistics of junction numver and size
The statistics of junction temperature
Critical hot-spot size and temperature

FXPERIMENTAL TEST OF THE MODEL AND APPLICATION TO HAZARD CONTROL
Calculation of frictional conditions to cause ignition
Comparison with empirical tests
Conclusions as to whether the model adequately predicts

events or whether additi>nal phenomena need to be
taken into account.
Conclusions as to permissible process conditions

DEVELOPMENT OF IMPROVED FRICTION SENSITIVITY TESTERS

Construction cf devices embodying different basic processes
e Dyer-Taylor type machine
e ABL type machine
e Esso Friction Screw
o Extrusion or crushirg type machine

Cross-checking with the predictisns of the models and
comparisor with known handling hazards

Matching of the tester to the problem

POSSIBLE NEW PROJECTS
Fracture and surface energy
Electrostatics
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Distribution Within a
Sliding Hertzian Contact

Prprist 10AH 161

H. &. RRANCS
Dept. of Chemical Engineering & Chemical Technology
imperial Coilege, Llondon, 5. W. 7

Ananalytic expres:ion for the steady-state intetfacial temperature
Jield in a slidmg cocular Hertzian contact 15 derived, taking into
account the cllipsoidal distribution of the frictional power and the
difference betwem the butk temperatures of the two bodies, for the
case where one surface i3 stalwnary wd the other rapidly moving
with respect lo the contact. Other cases may be treated m a sumilar
manner. It is shown that the temperature at anv point on the
Interface can de approximated, to an accwracy improving with
velocity, by half the harinunic mean of the twe sutface tenpevatures
attaned af thet poul if each body were to recerve all the frichonal

TS, mayimuem Hack trmbmanee i 1. W

'v«- - LR L ey

hglm than M groem by Rlok's widrly wsed formuli.

INTRODUCTION

To characwerize completely the interface hetween two
sliding bodics. one must be able 10 deteraiine the tem.
perature distribution over the ara of contact duv 10
frictional heating or. lacking this, the maximum and-or
mean temperatures. M- usucrment of thiese tenperatures

N

Muu:umwm

-~ i Chinge, Mey 4-8. V970

un ane of them,

is a nocoriously difficult problem. hence there is consider-
able demand for rehable mathematical techniques. Sev-
eral methods for calculating interfacial temperatures have
been devised (/-7 for the case in which the power density
(i.c., the rate of frictional heat production per uait area)
is constant over the contact arca. Huwever, in engineering
svstems the area of sliding contact is olten formmed by
clastic deformation of curved bodies in nominal point or
line contact, in which cases the prestare is exactly or
approximately elliptically distnbuted over the contact
area according 10 the classic equations of Hertz 14). Even

ifshaload auveandr tha slnvric limit tha interiacial nrecciien

distribution is still fairly close to eiliptical (). lhus. guven
that the friction force coninbuted by a differential ele-
ment of area is proportional to the normal load on that
element, the power density in a shiding Hertzian contact
will be elliptically distributed. An important exampie,
and the principal application fur the results of s paper,
is the +-ball machine, (or a pin-on-disc machine with a
hemisphevical slider), widely used in tnbalogy rewearch
and lubricant testing. which efferts shding contact be:
twren two spheres such that the contact area u stationary

At

Nomgscianias

& = thirmal diffasivity

8 = dimenswonicss parameter vR ¢

£ N = complete elliptic inteqra..

G = dimensioaless bulk wewmproature dilference ¢ 2L, ¢

& = thermal canductinvity

L & heat source hall-wdth i the directusn of motion

¢ = frctional power detsits theal per st tihe per umit afea:

€ = heat flug across the interface due to the bulk temperaturr
differeoy

Q = towal fricvional power

Q = power wamiferred acrow the interface as a result of the
buli wemperaiure didrreace

r x distance from the center of the heat source

R = cadius of the heat wource

T = wemperature at 1he sliding mterface anous the hulk wcin:

perature

T, = surface temperatude within a saticaan heat wurce on
a vingle surface nunus the bulk iemperature
T, = surface temperatute within a moving heat wuree on a
ungle sutface minus the bulk temperature
s & dimensionlew cuardinate Fal ¢ v L
r = velocity with rewpect to the heat wurce
& y = Canenan  ardinates dennting poution within the heat
source
2, 1y = & & crotdinates of the maximum interfadcal empeea.
ture
2 = true heat partiton coefficorent
B = eficctive Beat partivion coefficrent
da = local deviation fnwm o
# = abwlute temiperatute at the shiling wnterface
0.0, = bulk trmprratutes of the watinan and moving
boder, revpecticely
M, = bulk tempriature ditference ¥, -
Q = dimensonk w tuncion of ¥
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1o tis paperoancanalvtic expression for the steady-state
intert al temperature distnibution ina radially sym-
metre Hertzan contiet shiding ander unlubricated “or
houndaryubnicated conditons iy derived tiking into
awcount the ellipsoidal power density distribution. The
treatment is presented for the case in which one surface
w stattanary with respect to the contact arca but is valid
as well for certain other cases which will be discussed.
We will st derive the temperature distribution on a
wnede surtace for () a stationary heat source and (b) a
moving heat souree, The temperature distribution for
hdine contact will then be obtained from these two
dotnibunons, imtially tor the case where the two bodies
have the sitme bulk temperature and subsequently for the
more general case of unequal bulk temperatures.

In this paper, the svmbol 77 will alwavs represent the
surface temperature meease above the temperature in the
bodvisi far trom the heat source, The subseripts s and
¢ will refer 1o the single surface stationary and moving
sources, respectively,

STATIONARY HEAT SOURCE ON A
SINGLE SURFACE

The steady-state (ie., after an infinitely long time)
surface temperature due to a stationary point heat source
on a plane surface is given by (/0)

._ 40
dT = 1
2ubk’ oy

where b is the distance from the heat source, 4Q is its
power, and 4 is the thermal conductivity. An identical
refationship holds for the elastic normal deflection of a
plane surface due to a normal point force 41" acting on
the surface (//);

do = AW (21

where £’ = E/2(1 = »?), E is Young's modulus, and » is
Poisson’s ratio. Therefore the normal deflection we(x, »)
of a plane surface due to a pressure distribution p(x, y),
obtained by double integration of Eq. [2], is an exact
analogue of the steadv-state surface temperature field
T'(x » resulting from a stationary heat source of power
dersity gix, v) distributed over a finite area on the surface,
which is given by double integration of Eq. {1].

An analvtic expression is required for 7,(r) resulting
from the ellipsoidal power density distribution

3
00 = ozt = /R g

where () is the total power produced by the heat source,
R is its radius, and r is the distance from its center. This
is plotted in Fig. 1 in the dimensionless form (27R?/3Q)
¢ir/R). For comparison, the uniform power density dis-
inbution ¢ = Q/=R*is plotted as well. Using the analogy
presented above, the surface temperature fields 7' (r) for
these two heat distributions can be written directly from

30

w 4
{0) 1
aZ]g
(4] r
&
Qas
<
\ .
4] Qs I’/R w

Fig. 1—{(a} Uniform and (b} ellipsoidal power densi*s distributions.
Both distributions have the same total power Q.

the elastic deflections w(r) for the corresponding pressure
distributions (/7). For the ellipsoidal power density [3],

Zh-nw@))E e<pow

and, for the uniform power density,

w
B

T,(n =

T =—E/R e <R, D)

where E(r/R) is the complete elliptic integral of the
second kind whose modulus is r/R. In Fig. 2, the two
temperature distributions are plotted in the dimensionless
form (=Rk/Q)T,(r/R). The average temperature over the
source area (r < R) for the ellipsoidal distribution is

97
o = T 7R ¢}

which is 4.1% greater than that for the commonly em-
ployed uniform heat source.

FAST MOVING HEAT SOURCE ON A
SINGLE SURFACE

Let (x, y) be a Cartesian coordinate system in the
surface with its origin at the center of the heat source,

[ Qs riR w

Fig. 2—Surface te.mperature field within @ ildioncry heat source for
(a} uniform an{ (b) ellipseidal p ity distwibuhens.




where 4 0 10 the directoomn of mrwdem  with vedogty 5 of
- surfate with resprct 10 the soae Archard (T3 has
shown that when the dimensinless parameter rR:a >
~ 10, where a 1s the ithermal ditffuaivity. the heat flow in
the v direction mav be neglected, and the temperature
distribution 1in a heat source of finite area can be
determi-ed by dividing the area into diferential strips
parallel to the sliding direction; the temperature profile
along any stirip is the same as that for an infinitely long
(in the y direction) band source (for which naturally there
is o heat flow in the y direction) of width equal to the
strip length and having the same power density profile
as the strip. The situation is illustrated in Fig. 3 which
shows the ellipsoidal power density distribution, a differ-
ential strip, and its equivalent semi-infinite band source.

To apply this method to our fast moving ellipsoidal
heat source, we require an analytic expression for : e
temperature profile across a band source having an ellip-
tical power density profile (a vertical section through an
ellipsoid being an ellipsc). An exact analytic solution is
not possible (2), however Biok (/2) has derived an ap-
proximate expression whose accuracy improves asymptot-
ically with increasing ¢L/a, where the band width is 2L.
Blok’s relationship can be expressed most conveniently,
after a change of variable and rearrangement, as

T =2(22)" ffans 1)

m

where v = Y(1 + x/L), and the x in ¢(x) is replaced by
L{2u(1 — 5%) = 1]. Since g(x) = g,=ol] — (x/L)*]""?, Eq.
[7} is an elliptic integral which reduces to (/3)

_ 44, o (2aL\? .
T(u) = T (—1"';)") Qu), (8]

where  Q(u) = (1 — W)K(@V?) + (2u — 1)E(u!/?), and
K(u/?), E(u"?) are the complete elliptic integrals of the
first and second kind, respectively, both of whose moduli
have the value u/2. The function Q(u) is plotted in Fig.
4.

Cameron, et al. (6) showed that for a uniform (¢(x) = 2
constant) band source, the temperature profile 7, (u) is

Re. 3—=ltemetric view showing the fast meving eilipsoidal power
donsity distribution, o differential strip (width dy, length 2L}, and it
equivalent semi-infinite band seurce (width 21).

Fig. 4—The dimensionless function §2{v) which prescribes the shope

of the surface temperature profile across on infinitely fast moving band

source iv; sing an elliptical power density profile. The leading edge of
the bond is on the left.

given almost exactly for 10 < vL/a < oc by multiplying
the asymptotic (vL/a = o0) expression by the factor
1 + u~1210.65(a/vL) + 0.44(a/vL)¥*]. Assuming this
correction factor to be vzlid for the elliptical case as wetl,
Eq. [8] becomes

4Lq2= 9 1/2 a 1/2
T =—5 0(?) (JE)

(1 + u-lfﬂ[o.ss(;"z) +0.44 (7,2_)3/2]) Q). (9]

As vl /a decreases, the correction factar eflectively in.
’

creases the maximum temperature and moves it toward
the origin.

Following Archard’s method, we now can write directly
the temperature distribution within a fast moving circular
heat source having an ellipsoidal power density distribu-
tion by setting L(y) = (R? — %)% and ¢,-o = (3Q/27
R?[1 ~ (3/R)?)V? = |3QL(y)/ 27 R3](sec Fig.3). Thuswe
have, from Eq. [9]

e = o () (1o oss (z)

+ 0.4 (u L‘:)))a’z])u/z(y)n(u). [10]

This expression holds for B = vR/a > ~10. For B = 10,
vL/a for the outer strips will be less than 10, however this
would not be expected to contribute a serious ervor be-
cause (a) the correction factor will hold approximately
for vL/a < 10, and (b) the outer strips are only a small
fracticn of the area of the source; e.g., L < R/2 for only
6% uf the total area.

The maximum temperature and its location (x, y) are

_ at (0.652R, 0)
T = 1.852 n#RkBY? jor the asymptotic case, (1)
_ at (0.633R, 0)

T, max = 2013 ~FkBVZ for B = 10. [12)

L]

R
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7
Thus, over the range of apglicability of Eq. [10]. the effect
of the correction factor is chiefly amplification of the
temperature; the translation of the maximum is negligi-
ble. For the asymptotic case, the maximum and average
temperatures are 16.1°C and 4.3'¢ higher, respectively,
than those (3) for a circular unifirm heat source, where
the maximum temperature occurs at the trailing edge

(R, 0).

SLIDING HERTZIAN CONTACY

Now that we have both the stationary and high velocity
surface temperature fields within an ellipsoidal heat
source on a single surface. the task remains to determine
the steady-state interfacial temperature field for sliding
Hertzian contact. We assume here that the two hodies
have the same bulk temperature (i.e., the temperature far
from the contact); the more general case will be treated
in the next section. :

Assuming thac within the contact area the gap between
the surfaces is sufficiently small, which obtains for “dry”
sliding or boundary lubrication,! there will be no tem-
perature discontinuity across the interface. The moving®
body will receive a greater fraction a of the total frictional
power? () than the stationary body, because the stationary
side of the interfuce needs onlv enough power (1 ~ a)Q
to maintain the steady-state temperature field, while the
moving side of the interface requires the greater amount
of power aQ to raise its temperature from the ambient
value to the higher values at the interface. As v increases,
a proportionately greater area of the moving surface must
be “brought up to temperature” per unit time, and thus
the heat partition coellicient a increases to accommodate
the increased power requirement; for the asymptotic case,
a=l

interfacial Temperature

If the frictional power density g(r) were to divide itself
between the two badies in the ratioa/(1 — a) everywhere

"Thicker elastohydrodynamic lubricant films present & more complex
problem (14, 15
?The terms “moving” and “stationary” are defined with respect to the

cont it area.
YGiven here by the product of velocity, normal load, and coefficient

of {nction.

withis the contat area. she tempeiature ficlds of the
nunang and atsenan wrfaces at the nierface wonld be
aliwriand (1 — aiT e 3o respranely, ahere T, and
T, are as defined by Egs [10] and [§] However, it was
pomnted out by Blok (1) that if the temperature fields on
the two surfaces are io coincide over the entire contact,
the ratio of the two hcat fluxes into the surfaces cannot
be constant over the contact: assuming that the interfa-
cial temperature field lies between a7 (x, y) and (1 ~ a)’
T(x, ¥), then. in the regions where a T, < (1 — a)T,, the
fraction of the local frictional power entering the mov-
ing body will have values greater than a, and conversely
for the rest of the contact area. Thus the distributions over
the contact of aQ and (1 — a)Q will in fact be (a + Aa)
q(r) and [I — {a + Aa)]¢(r), where Aa is some unknown
function of x, y which expresses the deviation from the
ellipsoidal heat flux distributions ag(r) and (I — a)g(r).
However, a rcasonable and mathematically practical
appreximation to the resulting interfacial temperature
field 7{x, y) may be had by assuming that, since at a given
point aT, and (1 — a)7, are linearly dependent on aQ
and (1 — a)(, the deviations in the two surface tempera-
tures caused by the heat flux deviations _-Aaf(x, y)g(r) are
similarly proportional to Aa(x, )Q. Then

[ + dalx )T (x ») = Nx, y)
=[1 - a — Aa(x, »)]T(x »), [15]

and

Nx, y) =

1 1 (B > ~10). [16]

T T T(m )

Thus the interfacial temperature field in the circle of
contact can be approximated by half the harmonic mean
of the two “single surface” temperature fields—that is,
the temperature fields which would exist if each body
were to receive all of the frictional power Q. Note that,
due te the assumption leading to Eq. [15], T{(x, y) is
independent of a.

The subsequent presentation will be restricted for sim-
plicity to the case where the two contacting bodies have
the same thermal constants £, a but can easily be followed
through for dissimilar materials; the same arguments
hold.

T.{x, y) is a decreasing function of 8, while T (x, y) is
independent of B. Thus from Eq. [15], as B — 0, AaT,/
da7,—0, and Nz, y)— aT (x, y), while aT (%, y)—
T,{x, y). For the asymptotic case, T(x, ») = T\(x, y). This
is apparent in Fig. 5 which shows the profiles along the
xaxisto 7, T, a7, (1 — a)T, plotted in the dimension-
less form (wRk/Q)T(x, 0) for B = 10,100. The value of
a was calculated using Eq. [23] derived below. Thus for
high velocities the temperature field of the stationary
surface is forced to conform to a7, (x, y), and the form
of (1 — a)7T,(x, ») is of little consequence. Stated another
way, the power which flows across the interface in order
to equalize the two temperature fields is, for large values
of B, a negligible fraction of the power a( received by
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Figs. Sa, 5b—Surfuce temperature profiles along the centerline of a

sliding Hertxion contact for two different sliding velocities. The leading

odge of the contact circle is on the left. T is the interfacial temperature,

T.  the temperalure of the moving body if it were to receive ali the

frictional heat, ond aT,, [V ~ a}T, are the twe single surface temperc-

tures taking into account the partition of the heat. As B ircreases,
T—al,.

the moving body, and thus T{x, ») does not significantly
depart from aT,(x, y). Consequently the accuracy of the
approximation [16] increases with B.

Since T, ., and T, ., both lie on the x axis, it can
be seen fromm Eq. [16] that the maximum interfacial
temperature T, will'occur on the x axis as well. Putting
y=0,L=R r=|x| = R|2u ~ 1], Egs. [4] [10] [16)
give

-"T’;’inx. 0)
1
= 8/3n (nB/8)1?

+
T— g2u = 1)
a(2u — 1) 5 4 94

() [l + -

[17)

0.65 , 0.44 :l

which is plotted in Fig. 5 for B = 10,100. The position
x,, at which T, .. occurs, obtainable from Eq. [17], de-
pends only on B and is equal to 0.652R, 0.396R for
B = ®,10, respectively. Over the range o > B > 10,
T,(xy: 0) varies by 14% and can be approximated by the
expression

Q/nRKT,(x,, 0) = 1078 — 0.2908-0371, (18]

o

- e

Semmslarly B 2T a0 vanes by 37 and can be appros
imated by

Q/=RaBVIT (x,, 0) = 0.540 - 0589817 119)
Finally, from Eqs. [16] {18] {19),
Tpa = Nx,, 0) =

1.8520/ Rk
1.096 — 1.091B 9% _ 05378-02T 4 B/

(B > 10), [20]

which provides a working formula for computing T, ..

Heat Partition Coefficient

Over the element dxdy, the power entering the moving
body is (T/T,)q dx dy = q dx dy/[1 + (7T,/T,)). Thus the
heat partition coefficient a is given by

ag=f{ "deé-. [21]

142
+ T,

However, since this expression cannot be integrated

analytically, and, besides, it is only as good an approxi-

mation as Eq. [16], we offer the following alternate

method for determining a.

The best approximation to the true value of a will be
ihe value whidh besi aaitishics the condition that the em
perature fields of the two surfaces be identical over the
contact area. Thus an analytic approximation can be
vbtained by equating the mean temperatures of the two
surfaces, as did Jaeger (2), giving

aT, 4y = (1 = )T, .y [22]
Substituting Eqgs. (6] [13] yields

a  _ 0.870B1/2

t—a 1.047 . 0.774
Ay iy 27 3

(B> 10) [23)

which expresses the manner in which a approaches unity
as B— o0. At the lower limit B = 10, a = 0.709; the
moving body reccives roughly twice as much power as
the stationary body.

UNEQUAL BULK TEMPERATURES

In the preceding section, the bulk temperatures of the
two sliding bodies were taken to be equal. In practice,
however, this condition seidom occurs. If the heat parti-
tion coefficient a is greater than Y, and/or if the thermal
masses or heat loss characteristics of the two bodies are
unequal, the difference between the bulk temperature will
increase asymptotically with time due to the frictional
heating. In addition, of course, external heating can
contribute to the bulk temperature difference.




b

We now comsder the effect of unerual bu emprea.
tures on the meerfacial temprrature teid In addium o
the frctional power flowang 1 10 both bodies from she
inter{ace. there is now an amount of power {J, which flows
from the notter bodv across the wnicrface inio the colder
body. The situation isillustrated 1in Fig. b where, remem-
bering that the symbol 7" refers to the temperature in-
crease above the bulk temperaturs and designating abso-
lute temperature by the symbol 6, #x, ¥) is the absolute
interfacial t=mperature tield, and 8,,. 0,, are the two bulk
temperatures (assumed to be uniform far from the inter-
face). The form of the heat Hux distribution g,(x, y) 1s
indeterminate. However, if we assume ¢,(x, 5) to be ellip-
soidal, then , and Q become additive, greatly simplifying
the mathematics; eflectively (2, only alters the heat parti-
tion coeflicient a. As long as @, is sufficiently less than
Q. the error due to assuming an arbitrary specific g,
(x, y) distributior will be small. Taking Q, to be positive
when it flows from the moving body to the stationary
body, we define a parameter 8 such that

Q =(a =B (24}

Thus, when8,, - 8,, =30, =0,0, =0and 8 =a. Q,
and hence a — f# have the same sign as A¢,. The net heat
flow from the interface into the moving body is

aQ - Q, = BAQ, (25]

and the net heat ilow into the stationary body is

(1-a)Q+Q,=(1-80Q [26]

Thus f8 is the effective heat partition coefficient. Note
that, whereasa ranges only from ¥, (when B = 0) to unity
(when B = o), f# can have any value, positive or nega-
tive, depending on 34,

‘T he absolute interfacial temperature field 8(x, ») can
be derived as in tue preceding section; the same argu-
ments apply. Eq. [15] becomes

(B + da(x, HIT,(x 3) + b, = x. ¥
=[1 = 8 = dalx NITyi0 ) + 6, [27]
Note that the single surface temperature fieids A7 (x, »)

or (1 — T (x, ») will be negative (cooler than the bulk
temperature) when heat flows out of the respective body —

p g Oy
L s ann ey \\I.\ 8 I S!al'xoﬁary
0@ Q

&

Fig. 8—Schematic representation of the heat flow a? the sliding inter-
toce. Q is the frictiona! pewer, and Q. is the heat flow resulting from
the bulk jemperature difference 3, =, - 0,

34

rquevalend so an ofbipaosdal bede ek o that vorfaee
From Eq {274,

Mk
Tz »
1 + ]
T(xy Tfxp

1

ﬁu, = 0.” + (B> ~10). i28]

As defore, 8(x, y) is independent of B.

AsB— . 0(x, 5) — Oy, — [t ~ (M,/T,(x. )] T.(x, y).
Thus when the bulk temperatures are unequal, the inter-
facial temperature field for the asymptotic case no longer
conforms to T'(x, y). In addition, 7 (x, y) = 0, hence
O(x, y)— 05“.

In Fig. 7 the relative values of 8, .. 8,,, 8,, are plotted
as functions of the dimensionless bulk temperature differ-
ence G = =Rk, () over the range —1.3 < G < 1.3 for
B = 10,100. The horizontal line is the average bulk tem-
perature (8, + 8,,). As B— o0, 8, .. —8, , and this
trend may be seen in the plot. The location x, of the
maximum interfacial temperature on the x axis varies
with Gasshown in Fig. 8. When G = +1.178,0_, = 8,,
for all values of B, and 8, is situated at the center of

AP ik NI e

-t Q G

Fig. 7—Relative volues of the maximum interfacial temperature and
the two bulk temnperatures plotted as functions of the dimensionless
bulk temperature difference G for two different sliding velocities.

Fig. §—Lecation of the maximum interfocial temperature on the cen-
terline as @ function of the bulk temperature difference. The ordinate
.0 Is the trailing edge, and O is the center.
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the contact arr As G decreanes, f,, moves toward b

trailing cdge o the contact /R Q).

The cffective heat partition coefficieny 8 is given by
-9, T, -

= {{ T ay = H“T 129)

However, as in the preceding section, we can obtain an
analytic expressio:.. for 8 by equating the average tem-
peratures of the two surfaces over the contact area. Thus,

pTvm + 0.' =(1- B) s,avg + oll {30]
which, together with Eqs. [22] [6], gives

B 1-11%6G
1-8 L;—q-+l.1326

, (31]

where (1 ~ a)/a is as given by Eq. [23]. Rearrangi «
Eqgs. (24] and [31]),

Q,/Q =a — B = 1.1324G, (32)
8 =a - 1.132aG; [33)

/
thus both 8 and the ratio Q,/Q are linear in G, the
constants depending only on B.

DISCUSSION

A number of cases where both surfaces move with re-
spect to the contact can be treated by the method of this
paper. Jacger (2) showed that for low velocities (B <
~0.2) the moving single surface temperature distribution
may be approximated by that for a stationarv source.
Thus, desigrating the velocities of the two bodies with
respect to the contact area by v,, v,, we can determine
8(x, y) for any combination of values of B,, B, greater
than + 10, less than — 10, and from —0.2 to +0.2. When
By 3> 10, B, can range from —~0.2 to +0.2 without in-
validating the results of the previous sections. When both
1Bil, 1Byl <02, T, is replaced by T,, and Eq. [28)
becomes

0(% y) = Y0y, + 0,,) + YT (x »). [34]

When both |B,1, |8,] > 10, 8(x, ) will be given by
)

-5
0(x ») = by, + — ol ") < [39)

Tvl(" )) Tv’.’("' ))

.

If v,, v; are of opposite sign, T, 4(x, y) must be replaced
by T,(~x »). For the case of pure rolling contact?
(v, = v,), Eq. [35] becomes

-1
Nx p) = iy, + 8, + T 0 v 136}

Eq. {35} is also applicable to the one-dimensional problem
of a sliding/rolling Hertzian contact band such as wouid
result from contact between gear teeth or cylinders, here,
T,y(x), T 4{x) are of the form of Eq. [9].

The maximum interfacial temperature 7, is usually
the most useful single quantity and the one most often
referred to as the flash temperature. In his landmark
paper on flash temperature, Blok (/) derived, for a circu-
lar contact area with a uniform power density distribu-
tion, an expression for 7, based on the two assumptions

aT (R 0) = (1 — a)T,(0, 0) (27
and
Toux = Y%laT, (0, 0) + (1 — a)T,(0, 0)).  [38]

Although the heat partition criterion [37] is convenient
in that it does not require knowledge of the complete
functions T,(x, ») and T (x. ). it scems a rather poor
approximation to the condition that the temperature
distributions of the two surfaces must coincide over the
entire contact area. The assumption [38] neglects the fact
that at high velocities T approaches T,. as shown earlier,
and, in addition, it is likely that 7' occurs at a point
nearer to the trailing edge (R, 0) than to the center (0. 0).
However, as Blok’s equation is the one commoanly used
to calculate flash temperatures, it is the logical equation
with which w copaie vut Ly (20}

The equation derived by Blok (/) for B > ~20 is

1.362Q/7Rk

Ton = 7505 4 BT

(39]

The ratio of Eq. {20] to Eq. {39] 15 1.34 for 8 = 100 and
1.38 for B = 10, the lower limit of applicability of
Eq. [20].

Experimental support for the validity of Eq. [20)] is
contained in data presented by Fein (77, 181, who found
a discrepancy between lubricant transition temperatures
in a slow speed pin-on-disc machine and those determined
by calculating, using Blok's equation, T, ,, at the transi-
tion point in a 4-ball machine where the parameter B
was in the vicinity of 10. He further showed that this
discrepancy could he eliminated by multiplying the nu-
merator of Eq. [39] by 1.33 which compares favorably
with the ratio 1.38 between Fes. [20]. [39] at B = 10,

It should be noted iu passing that a commonly over-
looked facto: in the calculation of tlash tempe-ature is
the fact that the value of the thermal conductiviy 4 (10

" which the thermal difusivity a is proportional) can vary

markedly with compaosition, thermal history, and tem-
perature. For example, the values of 4 for various typical
iron alloys listed in Table 1 (I‘J) are seen to vary through

41t should be noted that, for pure rolling in the absence ol a hvdro-
dynamic lubricant him, the frictional power consists primarily of the
hysteresis in the elastic defurmation cycle and s distnibuted nonun-

formly over a ealume whine effex tive radius Imm !hc centet of contaet
W opethaps 2oe S imes B o7n The ellipsandal planar heat sogree ma
thetetore be a Jess accurate approximation when there s no sluhing,

T e e O



Tagce i THERMAL CONDLOTIVITY OF VARIAR & IRON ALLOVS

Couparuisos cwerght 5 Tueeuar
Costmcrivoy
Atroy Tyee C Mn S Cr Ni Orviea {cal, cm sec 'C)
Pure iron 178
Cast iron 1.16 57 1.54 112
Carb  steel 23 () 124
Carbon steel 1.22 35 .108
Alloy steel 34 55 .18 353 Mo .39 079
Cu .05
T1 ool steet .70 4.0 wi8.0 .058
Vi
Stainless type 410 A5 1.0 1.0 11.5-135 .057
Stainless type 304 .08 20 1.0 18.0-20.0 8.0-12.0 036

a factor of 3. For EN 31 or AISI 52100 steel, generally
used in the fully hardened state for bearing components,
tempering due to frictional heating could result in as
much as a 67% increase in k above its value for the
as-received fully hardened condition (20).

CONCLUSIONS

An analytic expression for the steady-state interfacial
temperature field within an unlubricated (or boundary-
lubricated) sliding circular Hertzian contact has been
derived in terms of the totai frictional power, veiocity,
contact radius, the thermal properties of the materials,
and the bulk temperature of each body. The detailed
analysis has been presented tor the case where one of the
surfaces does not move with respect to the contact area
(¢, = 0), as, for example. in the 4-ball machine, and
where ¢, > 194 R, although the relationships derived
would hold, W a iesser degiee of accuiacy, for lowe
velocities. The basic method presented in this paper,
however, can be applied to any combination of ¢, ¢,
outside of the range 0.2a, R < || < 10a’ R

Although not an exact solution to the problem, the
results of this paper are more reliable than previously
reported approximaiions in the following respects: (a)
Account is taken of the fact that the power density is
ellipsoidally distributed over the contact circle. (b)Y A
factor is introduced into the asvmptotic expression tor the
temperature distribution 7,(x, ») within a moving heat
source on a single surface which extends the range of
validity of the results down to 8 = 10, (¢} It was shown
that the interfacial temperature distribution 7tx y) can
be approximated by half the harmonic mean of the two
single surface temperature fields 7ix ), 7,030 1) and that
the accuracy of this approximation improves with in-
creasing velocity as 71w ) approaches 71w y). The ex-
presion for T, . was obtained directh trom Tix, 1)

In addition, the problem and ity analvie solution have
been extended to include the more ger ral case of un-
cqual bulk temperatures of the two slid g bodies. This

alters the heat partition coefficient and the magnitude
and shape of the interfacial temperature field. As B — o,
the interfacial temperature approaches the bulk temper-
ature of the moving hody.

The expression derived for the maximum flash: tem-
perature T, gives a value from 33% to 387 greater
(depending on the value of B) than Blok’s widely used
formula (/).
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A Critical Survey of Mathematical
Models tor Boundary Lubrication

A. BEERBOWER
Government Research Laboratory
Esso Research and Engineering Co., Linden, New Jersey 07036

The varwous equations representing special cases of boundary
lubrication are examined and grouped as “models”. The study
indicates that there are no sertous inconsistencies, but that each
model is so sertously limited in its coverage that large gaps exist
in coverage. Methods for closure of these saps are sugpesied and
numertcally explored to a limited extent. Hope 15 extended that
in the near future 1t will be possible to compute wear rates from
basic physical properties without actual experimentation on the
specific lubricant ane susfaces. This would consttute a usefid nere
system for machine element design.

INTRODUCYTION

Elastohydrodynamic lubrication models form a rea-
sonably well integrated matrix, but those related 1o
boundary lubrication are isolated and apparently incon-
sistent. However, there are enough of them to justify a
serious attempt at unification. The scope of this project
was selected to exclude dry solid film lubrication and gas

Presented 0s an American Society of Lubrication Engineers poper at
the ASM™'ASLE Lubrication Conference held in Cincinnati, Ohio,
O:tober 13-15, 1970

NOMENGLATURE

a = tractional film detect (for additive in Model 11 ()

A, = crosssectional arca of wear track (cin?)

Ay = work of adhesion (ergs/cm®)

B = fractivnal base fluid film defect

B = clectric charging energy of metal (ergs,/cm®)

y=(1 4 3p00

Yo = surface fice encrgy of liquid extrapolated o 0°K
(ergs/ci?)

y, = surface fice energy of solid (ergs ‘cm?)

ya = surface free energy of hquid (ergs em?)

i

Yoo = iterfacial free enerey teres em=)
¢ = additive concentncon ol action

CL7 = contants in tinite wear cquations

€, = oxygen concenteation in lubricant (gm ‘gm)

&1 = London toree solubility parameter (eal cmh*?

bearings, and to include all liquid lubrication even when
the liquid is thickened to a grease or a solid additive is
present. The load regime is defined by the zone XV in
Fig. 1, where “relative load™” may be taken as the force,
generalized in regard to geometry required to produce
the wear cffects ittustrated.

As study proceeded, it became necessary to recognize
additional regimes. The first of these is AX in which the
original asperities interfere with the clastohydrodyvnamic
icgime i O] at feast umil they are smoothed out by
onc or more “break-in” processes. This “running in"
regime is transitory in time but of vital importance. 1f
the processes include chemical reactions, the regime of
“corrosive wear” extends from 4 to B. The position of
B is highly variable; with very inert systems it may lic
at .Y, while with very active £P (extreme pressure) agents
it shifts all the wayv to Z’. In ordinary systems, it lies
between X and Y, and the BY regime is known as “adhe-
sive wear.” Finally, at ¥, there is an abrupt transition to
“scuffing wear” or “scoring.” The YZ regime is of little
interest to the operator of successtully lubricated ma-
chines, but the exact location of ¥ is of great interest to
designers.

8p = polar solubility parameter (cal/em™'?

8y = hydrogen bonding solubility parameter (cal em®)*

d = sliding distance (cm)

d, = rero wear sliding distance {cm)

D = surface roughness, peak to peak (e in or pm)

€ = diclectric constant of lubricant

E = heat of adsorption (cal ‘mol or ergs,; cm®)

AE = difference in heat of adsorption of additive (£,) and hase
fluid (1))

EuEy = Young's modualus of solids (psi)

G = allowable fraction of 1, for zero wear

Gy = G for 2000 poasses

= Plank’s constant (6.5 % 10 27 ¢rg sec)

H =2 Hertz contact dimension (in or ¢

k= Boltaman's constant (1.4 % 10 9% crus, deg G)

K = “weat coethcient” for metal-metal contacet area

kiky =2 thermal condectivities (eal see-cie °CY)

o




Fig. 1 —Regimes of lubrication.

As a useful simpiification, it was decided to eliminate,
at least for the present analyrsis, the possibility of foreign
abrasive contaminants reaching the wearing surfaces. It
was also assumed that the lubricant was adequately in-
lubited against bulk oxidation and that changes due to
thennal decomposition were negligible. However, a full
tanze of aunospheres was accepted as a necessary part
«[ the job, with those more corrosive than humid air being
«t aside temporarily. Also temporarily, the ambient at-
mnpheric pressure was set at one atmosphere. Thus, the
sujie includes break-in, (/) corrosive wear due to lubri-
cant ov 10 atmospheric O, + H,0, (2) adhesive wear and
teanditinn naint location (2), The effect ot tubrication on
fatigue, except as it marks a limiting condition, does not
vevm to be ready for this type of consideration.

MODELS

Strictly speaking, any equation relating to boundary
lubrication could be considered a “model” and, therefore,
drwerving of separate handling. Fortunately, many of
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these have been rounded up and screened into some
coherence by MacGregor et al (4) and by Rowe (5). These
will be referred to as Model 1 and Mocdel II respectively.
In addition to these, it is necessary to consider a third
r~del which has not yet been completely formulated.
Model III is based on the general concept of irreversable
reactions. These include the formation of “friction poly-
mer” a material generated under conditions of low wear
from the base stocks, apparently by catalytic action of
freshly sheared metal surfaces. A fourth mcdel came w0
the writer’s attention too late for complete analysis at
present, and a fifth is given minor attention as a special-
purpose matter.

BASIS OF MODEL |

This model is the result of a great deal of experimentai
work at IBM, an account of which is given by Bayer (6,
7, 8). It may be described as essentially geometric and
empirical, though a definite relationship to the Archard
wear and Palmgren fatigue equations has since been
established. Only four . ometimes three) “grades” of
lubricant are considered. These were selected to cover the
range of oils commonly encountered, along with the dry
situation. Of course, this constraint is very irksome to
those concerned with lubricant development, especially
since no means is provided for interpolation or extrapo-
lation to other grades of oil or grease beyond assuming
that the change will nui be fur the bruer. Anothier serious
iimitation is that it is not possible to adjust the mode’
for environmental conditions, these being presclected a-
air at onc atmosphere, 30% relative hwinidity, and a
temperature of about 22 C. It is assumed that speeds will
be kept low enough that surface temperatures will not
be significantly above ambicnt, so there is no adjustability
for speed. A fourth limitation is that parameters must be
looked up for specific material pairs or couples. There is

. = inteefacial wetting factor

mass diffusivity (cin?/sec)

number of revolutions or strokes

= I for zero wear period

= coefhicient of friction

‘i = expanent in finite wear equation

M = molecular weight (g/mole)

e, = Poisson’s ratio of solids

= = number of molecules per unit area (cm2)
A = number of passes

A’l
A
!
.
B

Vo= Vo zero wear

? = pantial pressure of preferred component

I'a = flow pressure of metal under static loading (gmi/cin? or
ke mm¥)

= fractional surface coverage by additive

7. maximumn stress in Hertz contact area (psi)

L= bieat of surface formation (erys/cm?)

b of spherical member (in or em)

E - mola gas constant (cal/male °K)

v demay of oil (gm/ce)

0, = poat F 115°0)

b ttal entropy change associated with adsorption (cu)

W Ng: Auﬁcé‘a;(u!w Ty Yivg

§ = distance traveled per revolution or stroke (in or cm)
Tmax = Maximum shear stress in contact area (psi)
7, == yicld stress in shear of solid (psi)

t = time (scc)

{y = vibrational time of adsorbed molecule (svc)
'y = ratio of t, values for additive and base fluid
T, = critical 1emperatures of lybricant {°K)

7, = bulk temperature of lubricant (°K)

T,, = melting point of lubricant (°K)

7, = temperature of surface (°K)

7, = transition temperature at scuffing (°K)

@ = contact angle (dey)

U = sliding velocity (em /sec)

U, = lubricant flow velocity, average, into gap (cm/sec)
¥ = wear volumes (cm?)

¥, = molar volume (¢cm*/mol)

W = load (gms or lhs)

w = width of wear tvack (cm or in)

uy = w for end of zero wear period

x = ratio of molar diameters

X = diamcter of adsorbed mnlecule ()

¢ = dearance of bearing (em)

il
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a wide selection of alloys, and also plastics for one mem-
ber of the pair, but only threc metals are available for
the other member: 52100 steel, 302 stainless steel and a
65/35 brass. It is possible to make limited adjustinents
in this part of the model; for instance, the same alloy
heat-treated to a different hardness, or plated on a differ-
ent metal substrate can be handled. However, this re-
quires the assumption that the coeilicient of friction is
the same as for the material listed, which is hard to justify.

The reasons for these limitations lie partly in the history
of the model. It was developed primarily for use in de-
signing business machines 1o operate in air-conditioned
offices. Release to the gencral engineering public was a
later consideration, and apparently sutlicient warnings of
its limited applicability were not included. As a result,
lubrication engineers have tended to criticize Model 1 for
not serving purposes clearly outside its scope, rather than
locking to see v what directions it needs to be extended.
The authors (9 do not plan to extend the model as it
already serves the original purpnse at IBM. However,
they suggested that anyone interested in doing so could
prepare tables for other temperatures and humidities.
Plastics in particular need such special handling.

The limited version available has two levels. Model IA
is for design at the “zero wear™ level, defined as damage
low enough not to change the original surface roughness.
This may be cousidered to be a means of locating point
A in Fig. 1. Model IB is for finite wear, and is further
subdivided into two types of wear apparently corre-
sponding to regimes YB and BY.

Both models are tied to a concept of unit travel calied
a “pass” and defined as the distance of sliding equal to
the Hertz contact area dimension in the direction of
motion.

ANALYSIS OF MODEL 1A

This model uses the criterion for zero wear that the
maximum shear stress in the contact area 7,,,, must be
smaller than a certain traction, G, of the yicld stress in
shear of the material, 7,. Hence, the following incquality

4 v"}
o

defines “zero wear conditions™:

<o, i

When the number of passes (V) is 20()()&} has the
reference value Gy Gy, can have one of three possible
values, depending on the materials and lubricant. For full
hydrodynamic lubrication G, = 1.00. For boundary
lubrication G, = 054 designates systems with low sus-
ceptibility to transfer and Gy = 0.20 for those with high
susceptibility. No systems showing Gp values intermediate
between 0.20 and 0.54 have ever been detected, indicating
that these represent different sub-regimes. Values of Gy
are tabulated (4) for over 500 systems, and for unlisted
systems Gy = 0.20 is usually assumed. For N 2 2000

' max

passes,

) 179 "
G= (_‘%L’-‘l) Gy 2]

Use of the model is by stepwise calculation. First, the
contact stress 1, . is calculated from the Hertz formula
appropriate to the gecometry, the loac, the radii of curva-
ture, the Young's moduluz »nd Poisson’s ratio of the
materials and the cc~flicient of friction of the system, F.
A stress concentration factor may be used to correct the
Heriz formula for sharp corners, and non-Hertz cases can
also be handled. Values of F must be looked up from the
same table as G, obtained experimentally or estimated
by analogy from listed systems.

The number of passes for zero wear (N,) in passes may
be estimated by combining Inequality [1] and Equa-
ton {2].

N, = 20@(195)9 i3]

Tmax

However, the lifetime of each member must be con-
sidered separately. For the “fixed spot” member, on which
the contact spot does not move, the zero-wear travel d,
in inches of relative travel is given by

d, = SLy = HN, [4]

where # is the length of the Hertz contact spot in the
direction of travel, S the distance traveled per revolution
or stroke and I, the lifetime in revolutions or strokes.

For the “moving spot” member, on which the contact
spot keeps moving,

dy = SL, = SN, 151

The lower of these d, values is taken as the lifetime of
the system. Failure at this point is believed to be by
fatigue (8).

It is not possible to do a great deal of mathcmatical
testing on Model 1A, as the only inputs are load, geome-
try, properties of the two materials and F. The value of
G, is automatically selected from the tables (/) or esti-
mated to be 0.20. For an example, the ball-on-plane
geometry of Rowe (5) and Bayer (6) may be put through
some computations. Unfortunately, no fixed F value for
Rowe’s copper (hemi-)sphere is available, but the range
0.26 10 0.37 can be reconstituted from his paper. He gives
hardness values for his copper and stecl of 88 and 220
kg/mm?® respectively. :

The equations for the sphere are (13)

Toax = G0 VI = 20)%/16] + F? (6]

where g, is the maximum stress in the 7., Hertz contact
arca and », is Poisson’s ratio for the metal of the sphere.
For this geometry

6W /3

I R b
fr"[ T+ ——a|
k, Yy

(7]

9o =
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Where W is the load, E,, and £, are Young's modulus
for sphere and plane, and r is the radius of the sphere
(0.312 cm or 0.123 in).

By definition

,? & =6 W/H? [8]

ForCopper, E; = 16.5 X 1055, = 0.34,7, = 12,800 pse;
for Steel, E, = 30 X 105, », = 0.30; System G, = 0.20
(the conservative assumption).

With these inserted, the minimum zero wear travel of
this system in inches is

8.68 10~V
X [9)

do = W2.61 (00064 + 1.‘2)4.50

This was evaluated for the loads and F values shown
in Table 1. The loads arc considerably below Rowe’s
range, to avoid the criterion dy, < H (16). This is net

clearly expressed in the published versions (4,7) though -

itisimplicit in inequality {1). The u values cover the entire
-ange from MacGregor's lowest to Rowe's highest.

We may conclude that Model 1A is useful in locating
point 4 in Fig. 1 but needs generalization. The extreme
sensitivity of d, to F creates a problem, and a more so-
phisticated method for estimating F would be highly
desirable.

EVALUATION OF MODEL 1B

This model (7) requires an immediate decision as to
the type of wear anticipated, not by an analytic or com-
puter process, but based on the expericnce of the user or
on a quick simulative experiment. There are two possible
modes; one involve: high transfer of material from one
surface to the other, If this corresponded to regime Y2
in Fig. 1, it would be outside the scope of this study.
However, as shown under Model HIA, it corresponds to
the “Archard wear law” under conditions obviously re-
lated to corrosive wear. The other, with little or no trans-
fer, can be analysed by using many of the factors already
considered in Model A, Tt must be recognized at the start
that only one of the surfaces is expecled to show finite
wear, while the « her one is expected to remain in the

~59-

zero-wear condition describzd in Equation (3). The wear
on the first surface is predict~d by a differential equation
which is basically a statement that wear is a function of
the energy dissipated per pass:

d[A/ 1, W)¥%] = CdN [10]

This equation can be integrated only for specific situa-
tions, of which only the Rowe example used above will
be illustrated. Converting A4,, the cross-sectional area of
the wear track, to the more useful wear track width (in
this case, equal to ball scar diameter) is done by an
approximation based on a triangular area formula

4= (1]

T

Wear on the ball results in a flat-to-flat geometry, so
that

41(0.25 0.5
Tl = ..._(_()__._tﬂ_ [12)

k'Y

Making these substitutions and integrating for ball
wear,

w = C(L,S)O.HSI)O.SB()(O.:ZS + 1)2)0.265 [13]

where C includes the original C’ times several numerical
constants. Neither €' nor € can be developed directly from
material properties.

By establishing a formalization of the definition of zero
wear, it is possible to establish a useful relationship be-
tween Models 1A and IB. This is done by defining the
depth of the “zero” wear scar as half the surface rough-
ness, D. From this and the triangle approximation, the
zero wear scar width

To = (8:D)V/2 114)

Assuming that all the other factors in Equation [14)
remain constant

T = To(-,l-‘~)"' [15]
‘0

Tamz 1 .- PREDICTED ZERO WEAR TRAVEL (in) FOR COPPER BALL ON STEEL DISK

A i e e e = o St A % = A e - - A

COEFFICIENT
or Friemion
(F): 08 16 24 40 48 56 64
Loan (It")
Pouxuns
01 286, 463 0.205 IHB X107 278% 103 | 5B x 100 140 % 10 ' 450 x 10 5
004 70 0.5 208% 107 [ 460X 100 68 X 105 1A x10E AGIx 100 116 x 108
015 0.200 38 x 100 [ 150X 0% 137X 100 203x 108 KX 10T 107x107  420% 10!
065 _4;_1_5_'3(__19_1'] 678 X 10 % 300 x 10 270 x0T 406X 100 B x IOy 214 % 10 * 6.58 x 10
230 LISX 108 1865 1078 824100 782 % 10 LI2x 0% 220 % 100 Ka0x 10" LGl x o0

Note: All values below the line are unrelinble by the criterion dy < H (16),
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where m is 0.118 for ball wear and 0.133 for planc wear.
In the hugh transfer regime, these exponents are 0.25 and
0.33 respectively. As shown under Model IIA, m = 0.25
is equivalent to the “Archard wear law.”

It has been demonstrated that Ly is independent of
surface finish (/4). it is proper to substitute the L, value
obtained from Equation (3] into Equation {13] as this
point represents the intersection of the zero wear line with
the finiie wear curve. This is a discontinuity, where the
ball ccases to have a spherical contact on the plane.
Another discontinuity comes when the second member
starts to wear, and Equation [13] is not applicable above
this peint.

It is evident that Equation {13} shows a much greater
dependence of wear on surface finish than most investi-
gators find in the boundary regimes (/0). Baver's tying
D to the coarser surface (7) has been reconsidered and
the writer believes it best to use the roughness of the
surface expected to first show wear. This is necessary by
the definition {14} and is compatible with the general
nature of adhesive wear. It is important to use peak-t..-
peak values for D. If onlv root-mean-square values are
available, they should be multiplied by 2 V2 to con-
vert them.

There is a case in which the roughness of the non-
wearing surface is signiticant, but it is so special as to be
outside the scope of this study. It is usually the result of
very poor design in which the harder member acts as a
file on the softer one. This is known as “two-body abrasive
wear”, and s set aside along with the similar case in
which hard foreign matter embeds in one surface to create
the “file.”

The result of computation using Model 1B with the
same conditions as for zero wear in Table 1 arc shown

TasLe 2-- PREDICTED WEAR RATES FOR MODEL IB (¢cm?/cm)

in Table 2. Rowe’s copper sphere roughness of ! micra-
inch RMS was converted to 2.8 microinches peak-to-
peak. To provide results comparable to hiék, the program
was set up to read out in V'/d, using the proper geometri-
cal formula to convert 7' to ¥. The d values were selected
to cover Rowe's raages of 3 1o 20 hours at 0.1 to 100
cm/sec.

The results compare very: favorably with Rowe’s Fig.
4, where the lightest load gives a value of F/dWy of
1.2 X 107 ¢c/cm-g. Transforming Table 11 (o the same
units, we find that for ¥ = 6.24 and 4 = 10? cm (3900
in), the values of this function vary from 1.3 x 1012 at
the lightest foad to 2.3 X 1072 at the first load beyond
the d, < ¥ criterion. Similar calculations for m = 0.250
gave values of 2 X 167*" and 3 X 1078, respectively,
indicating that m = 0.118 was the proper choice despite
Rowe's assumption of the “Archard law.”

BASIS OF MODEL I

The Rowe modef was presented in three papers of
increasing degrecs of sophistication (2, /17, 12). It is based
on reversible adsorption. The basic equation is an adapta-
tion of the “Archard wear law”

V_ k yalW
d~ P

m

{16]

where &, is a dimensionless wear coeflicient deseriptive
of the surfaces, I the load and P, the low pressure under
static loading. The other factors are obtained as follows:

y = (1 + 3F?)03 (17

wEere—trreroN: G'o!/:/-'/mnyr o~ /{A’/c 7/ M’(_E)

Loap Stiving

(Ibs) Iisvance. (in) .08 16 2% 32 40 48 .56 64
0001 3,900 95X 1078 BOX 101 71X 100 22x012 46X 1072 [ 94x 10717 17x 101 29 x 101
0.004 3,900 £2x 101 a0t 37T x B MO X1 24 % 101 50X 1071 95X 101 1.6 % 1071
0015 3,900 TAXKI08 43x 10 21X 1000 S1x100 12X 100 26X 1010 50 (0710 87 x 10710
0.065 1,900 A0 2[00 Lo x 10w 32% 1070 78x 10710 17X 10 32x 107 55 x 1079
0250 3,900 IBx W1 13x 1000 SHxi0 L7 x10% 43x10% 92 107 18x10%  31x10®
0.0 39,000 46X 10 51 100t 2 x 108 5,5’,&_‘,ﬂ;‘f.,.‘ﬁ%.‘_‘lfﬁi X 1071 48 x 1074 86 10712
0004 39,000 10X 1017 25 %101 9B x 10t (2010 70x 1017 15% 107 28x 108 49x 10#
0015 39,000 17x10% 11x 1 l_;'f 18X 10 13100 37 % 100 18 x W 15 % 16710 26 ) 10 10
VLIS 39,000 L x 1o v I TOXINE TOX 101 94x 10N 23 x 10710 50% 10 95 % 10710 17 % 109
0250 39,000 AAX 1017 JAX WM 1T xi0W 52x10110 13 x 09 28 X 10?  53x10°%  94xin®
(i) 390,000 GO X P L E x 10 82 % f e .l'l.x _I_Q_l‘_ _;};(3‘5_1_()_j:~[ T6x W01 1S5 10 by 10 R
LH RUTAT PTX 01 60w o b6 27 o 1 E R 101t 10 4 10007 B 100 i x o
UL RENLEY S A X “_I 42 1010 34100 L 101 23 0t g x 10t 39 xph
Vunh 3,000 Yo x ot [ I N 28 x 10 T0y 10N LS 1010 28 x (0w 0% 10
020 AEXI0 T 1IN 50X 100 Lax 0% 3% 109 BAx 160 16100  30x 109

RALTRL TV

Note Al values below the ine are unreliable by the cuenon &y < H
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The constant 3 is from the von Mises equation for two
dirnensiona} plastic flow. Spurr (/3) has further justified
this value,

" The fractional surface film defect is

wz i _cxp[ -X cpr’:E/RT,)]

(18]

where X is the diameter of the spot associated with an
adsorbed molecuie, £ the heat of adsorption, R the gas
constant and U the sliding velocity.

The surface temperature is

’ o (WP )0.5

N “SEU ——2
T, = Ty + 1040 X 10FU G0 [19)
where T, is the bulk tubricant temperature and k, and
%, the thermal conductivities of both surfaces. This is the
well-accepted “surface temperature rise” equation.

The fundamental time of vibration of an adsorbed
molecule is

| 4 2/3y 0.5
fo = 4.75 X 10-13(54—7?——) 20]
m

where M is the molecular weight of the lubricant, V, its
molecular volume and T, its melting point.

ANALYSIS OF MODEL A

All of these input values can be estimated or are known
quite precisely. Rowe tested this equation by back-
calculating from wear experiments, but the present plan
is to use it for design purposes and then judge the results
against both general and anormalous experience. For this
purpose one may regard It", L, M, ¥, and t, as preselected
paramecters. P,, is obtainable from the Diamond Pyramid
Hardness, Vickers Hardness Number, etc. or from Mac-
Gregor’s Table 111-4 (#). &, has a theoretical value
for hemispherical wear particies of 0.33, shown by Rowe
te be of the right order of magnitude.

The values of .Y are not so generally available, and jt
is proposed to use a simpler parameter, 6V, /5 /3 which
has | pruvnd"l?)"bc ol great value in predicting surfuce free
energies. This is the diameter of the sphere associated with
vhe surface molecule. Hence,

_ —exp (—£/RT)) ) o
a=] C’ﬂ’(q&q X IO"? U(Af/T.)o"" (21}

Values of T, are readily available for pure compounds,
but for mixtures such as lubricatitg oils they simply do
natexist, ("The pour point anly indicates that enough wax
has cosgulated 1o wel the liquid.) Henee, in such cases
a generalized mehiing point based on l?w critical or pseu-
docritical poin: will be used,

T,:=040 T, [22)

"
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It must be mentioned that de Boer (/4) has recently taken
considerable exception to the practice of regarding ¢, as
the vibration time. He finds that for adsorbed gases,
to = h/kT where h is Plank’s and £ Roltzman’s constant.
Liquids show lower values by a multiplier which is very
difficult to predict.

Values of F cannot be predicted with any degree of
certainty. Many values can be picked up from Mac-
Gregor’s Table 1I1-3. Fortunately, values of y are not
subject to even as much variation as those of F, which
range only from 0.08 to 0.29 in MacGregor’s lubricated
systems. (Values up to 0.39 on Be-Cu seem to be a rare
exception.) Hence, y = 1.06 covers all his data with +5%
error, though Rowe found 1.1 < v < 1.4 for his system.

To predict the effects of this variation on T,, we may
use Rowe’s example of copper on steel at lO cm/sec,
4000 g and 311°K. The temperature rise would be only
1.5 t0 5.5°K over the range of y from 0.08 t0 0.29. At his
maximum speed of 100 cm/sec, the rise would be 15 to
55°K, so that 7, would be 346 % 17.5°K. Thus, again
a fixed value of © = 0.175 would only iesult in about
#+5% error We cannot be complacent about this, how-
ever, as processing these values through Eq. [18] results
in a seven-fold range in a, the fraction of lubricant film
defccts, and hence in wear rate.

Some hope for a more exact input may be derived from

Spurr {/5), who arrived at an equation f-
15

. (1 eodl codfl D
v ' = {23)

. F= p o7

where 7, is the yield stress in shear of the softer matcrial,
6, and @, are the contact angles of water on the rider and
specimen, or “fixed” and “moving spot” respectively,
when lubricated with a partial film of stearic acid. His
measurement of P, by Vickers hardness number is pre-
sumably equivalent to Rowe’s Diainond Pyramid Haid-
ness and MacGregor's Microhardness. If so, 7, is Hbtained
from P, by MacGregor’s Fig. I11-3.

Spurr’s rcasoning points up a weak spot in Rowe’s, in
that the latter proceeded as if £ were the same for copper
and iron, and that only the film on one side of the contact
need be considered. To fulfill Rowe's definition of a,
which is the same as Spurr's for cos 8, cos 8,, it can be
proved by elementary probability theory that it must be
the product of a, and a, which are equal to the cos 8,
and cos 8, respectively. These can be calculated by
Equation [18] or {21] by using the appropriate £, and
E,, the heats of adsorption on rider and specimen While
this change in definition will not affect cases neara = 1,
at the level a < 0.01 which Rowe indicated 1o be of most
interest it will produce a drastic change. In cffect, exp
{=E/RT,)isreplaced by expt = (£, + E)/RT,)whichfor
similar metals isexpt -- 2E°R7,). Thus, Rowe's eminenily
satisfactory value of F = 11700 i cut in half. The aher-
native is o aceept a geometric mcan definition o =
Va,a, which woukd preserve the value of £ at some
expense 0. logic. Both alternatives will be explored nu-
merically.

v
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Obviously, the simultaneous solution of Equations [19,
21 and 23] is beyond an algebraic manipulation, but it
is certain that an iterative computer program can be sct
up to handle it.

Evaluation of E is the most difficult task, and also the
most important in testing Model I1. Very few values are
available in the literature, and Rowe was forced to com-
pare his experimental heats (or energies) of adsorption
with other authors’ works of adhesion. These are not the
same, though the 40% or so difference may be trivial
compared to other uncertainties.

The heat of adsorption is equal to the energy of ad-
hesion, and according to Philippoff (/6)

E = Ay — Tdd,, = l lz)Q'_’ — Y21, dKy,

where 4, is the work of adhesion, K|, is a relationship

defined by

[24]

A (Y1 = 112)
K ::_E)_]:_Li 0
12 (72 Y2 (23]

and is numerically equal to cos # until it exceeds 1.000,
Yy and y, the surface free energics of the solid and liquid,
and y,, their interfacial free energy. Other definitions are:

_ Y2 — TndY'Z 2
Q =y [26]
dt,
— A LU our S BT MY 1N
bt TS B P12 = Yo 0 gy

=)

The important diflerence between this treatment and
that used by many auti.ors is that K}, is able to assume
values greater than 1. This avoids the usual trivial solu-
tion A;, = 2y,, which merely states that the joint will
part between liquid layers rather than at the interface.
It should be noted that the Philippoll equations do not
provide a value of 2 from the values of y, and y, even
when full wetting (K > 1.) exists. ‘Thus, a further meas-
urement of K, or y,, is necessary,

A solution to the 7, problem is advocated by Fowkes
(17), who sets up as his basic equation

Y=Y +v2-—-2 \/-Y:d;.'a (28]

where v @ and y,? are the surface-free energies of solid
and liquid due to “dispersion” forces alone, He tested this
against interfacial free energies between mercury and
water, and found need for a correction for polarity, There
is some question of the validity of this approach, but it
will be used as one alternative, Tt is especially useful in
a modified form using Hansen's (/4) partal solubility
pavameters, in whick

S 2 9
vl = QOIS 1 VNS 4 8,7 129)
where 8,7 and 8,7 are the contnbutions t the encrny of

vitputization per unit volume by the London and polar
forees, resprectivety. For the metabs

o _ 00715AH, — RT,)
= V'2/3

(30]

where AH, is the heat of sublimation of the metal. This
is the same as y, for all cubic metals, but nct for mercury,
antimony, zinc, cadmium, or magnesium, which require
special handling. Values for y, are listed by Grosse (/9)
for the liquid metals; these must be multiplied by 1.14
to obtain y, for the solid, to correct for heat and volume
change of fusion. A very interesting but less accurate
procedure is based on Rabinowicz’ (20) observation that
Y, is proportional to P,%3, again excluding the above
anomalous metals. From this it may be deduced that

Ay = v, + SO0(P,Y3 — P o173 {31

where P _, is the hardness of the mectal measured while
it is submerged in the liquid. While this is dimensionally
unbalanced it offers a most convenient exprimental
method for 4,,, never explicitly published though im-
plied by hnanaka (27).

To obtain E, it is also neccssai’y to have the entropy
(d4,,/dT’). Forwnately, this can be obtained from the
relation cited by Duga (22):

T,\}2
w=wt(1-7) (32

¢

where y, is the surface free energy extrapolated to 0°K.
The expressien for £ chiained by substituting [22) inte
[28] and [27], dillerentiating and substituting into [24]
is cmubersome but workable. The justification for Equa-
tions [29], [30], and [32] is unpublished but has been
verified for mercury.

An alternative approach has been developed by Kara-
shaev (23), who uses the simpler formula

_Ble-1
27+ 2)

[33]

where ¢ is the diclectric constant of the liquid and B is
a constant depending only on the clectronic structure of
the metal. A method for calculating 8 from the contact
potential is given by Zadumkin (24). Differentiating
Equation [33], simplifsing by the approximation ¢ 3 ¢
and assuming that the temperature dependence of £ is
entirely due to thesmal expansion,

¢ -1 r - dv
E=n(too)- 2 .-»"'-~) 3
: (« ¥ 2) \idi [44)

Equatic.i [33] has been verificd by Karashaev for spe-
cially puriiicd gallivm au 20°C as well as the anomalous
mercury, and the wesults are in accord with Philippott's
predictions (76). However, Fguation {31 gives o larges
vitlue of £ than Rowe's experimenis (30, so that it naist
be used with cantion. This is probably due o neglect of
a temperature dependence of 8, which presmmably can
be convevted.




TP TR INERTT A

- _— Goma— L] _——— ————

.Computation of a wear ratc by Model 1A is somewhat
complicated by the iterative procedure for 4, and the
necessity to decide between the two possible definitions
ofa = aa, or Vaa, . Another decision must be reached
on the use of Equation [34] to replace the more cumber-
some Equations [24, 27, 28, and 32], or further develop-
ment of the empirical Equation [31], to obtain £. Obvi-
ously, such decisions must be made on a performance
basis, and Bayer’s data (7) on eight metal combinations
and one plastic/metal pair appears <uitable for such test-
ing. Addiiional testing might be based on using Equation
[23) in comparison with MacGregor’s tables of F (4).
Once these decisions are made, there is no shortage of
any of the required data, listed in Table 3, on a wide
variety of surfaces and lubricants.

TaeLe 3—INPUT DATA FOR MODEL IIA

W, UT, F% .

“ln er 541 8}1) b ) Tt) 3
Pm,v, B, AH*, V.

Engineering Data:
Lubricant Dava:

Metals Data:
(Two sets required)

* Redundant, for alternate paths.

MODEL IIB
Rowe also published (/7) the appiication of Model IIA

{alls outside the scope of this paper and so will not be
further discussed.

ANALYSIS OF MODEL lIC

Modecl 1A was designed only for pure liquids, and 11B
for pure gases. These limitations were 1 ~oved by devel-
opment of the idea of temporary residence of both addi-
tive and base fluid on the metal surface in a dyvnamic
cquilibrium. If a and B represent the fractional film
defects of the area occupied at rest by the two specics,
respectively

V' _ k(B + (a = BpIyIV
d- 2 3]

where & is the area fraction occupied at rest by additive.
Nnwe cach of these develops a film defeet related 1o its
heat of advorption as in Equation [18), this becomes

Vbl g, wx
— e e, - ‘' RT, - F Ry |*
d r, [l + (-l—,;( E/RTy l)‘:’ T ‘o' [36)

whete QK is the difference in heats of adsorption, x the
tatin of mulecular aveas, ¢/, the ratio of vibiation times.
N the molecular area of the base fluid, and fy its vihnation
e

It is now necesary to evaluate ¢, and Rowe chose one
0 the several possible ways. He set up an equilibrium

%
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constant for the adsorption-desorption processes of both
species whi .. will eventually result in ¢ satisfying the
Gibbs-Duhem requirement of minimum free energy in
the system. This results in a special expression for x = |,
relating the wear rate to friction function ratio (V/yd)
for a lubricant with concentration ¢ of an additive, to
the same ratio (V/yd), for the base fluid:

(4). = S (), - (a) ) + (), =
;d—c- ceA8/R yd,,— ydc+-y_2,, vy

(37)

where AS is the entropy change of the entire system.

For the case where x values are not similar, Rowe ran
into more difficulty in eliminating ¢. This arose largely
because his goals included evaluating x from wear data.
If the approach shown under Model IIA is taken, this
problem is minimized since x simply equals the ¢*-Le root
of the ratio the molar volumes for additive and vase fluid.
In addition, '; becomes the ratio of the critical tempera-
tures of the two species. When, as often happens, 7, for
the additive is not known, it can usually be estimated by
the Lyderson method as discussed in Reid and Sherwood
(25).

It is also quite possible to avoid these difficulties by
precalculating the composition of the adsorbed layer at
equilibrium. Everett (26) provides means for doing this
from activity cocfficients, which can be derived from
solubthty paramcters as deseribed by Prausnitz (27).
Another approach is to apply the necessary x corrections
to Equation [37] and to evaluate the entropy change from
Equation [32] or [34). Grozek (28) gives a procedure for
the direct determination of AE in a flow microcalorimeter.

In any case, the tools arc available to perform the
necessary manipulation on binary or multicomponent
systems. The choice of going into Model 1IC with corree-
tions for x # 1 or into Model HA with a weighted aver-
age valuc of /7 would be largely one of convenience.

One factor completely ignored in Model 11 is the fact
that pure metals are rarely, if ever, encountered in lubri-
cation engineering. This is not particularly hard to deal
with in the case of solid-solution alloys. Buckley (24) has
shown that even | atomic percent or less of aluminuin
alloyed in copper ur iron will diffuse to the swiface o
produce a highly enriched layer. This is not any specific
reaction of aluminum but merely the same principle that
causes soap to coat the surface of water. It is camemuonly
believed that Gibbs postulated attraction of low energy
components to the surface, but this is wot the cae. This
principle merely states thin when they are brought o the
surfuce by any process, they will 1end to temain there
beciuse their depitiure would cause an increase in free
encigy, a Sccond Law violation. The Gibb Pmhem
cquation merely predicts equilibrium, and the rate of
attaining it is controlled by relatively sluggish solid
diffusion,

This raises the question of the time scale of Model HC.
When two asperities impact as in Fig. 2, there can be two
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RELATIVE MOTION

LUBMCANT LUBRICANT

TIME 20

Fig. 2—The adhesive wear process-—start.

different outcomes. Either the film survives by elastic
deformation of the asperities (Fig. 4) or welding takes
place (Fig. 3) with the generation of a hemi-ellipsoidal
wear particle (Fig. 5). (The vertical scale in all these
drawings is exaggerated by 50X. The times indicated may
be regarded as arbitary, though for the mechanism the
writer had in mind they are approximately milliseconds.)

the film due to partial rupture, we may calculate certain
times on any reasonable set of parameters. Table 4
shows a typical case. ‘The “wearing” memberr were cal-
culated on the basis of time to wear a depth of D,2

Assuming that even the survival case requires renewal of g
t t
v

peak-to-peak (RMS + /%) and the “non-wearing”™ mem- $

bers on Model IA. Tt is evident that the time for ditfusion
of additive from solution is very limited for the *“fixed
spot” (ball) member, and quite generous for the “moving

spot” (plane) member, regardless of where the wear is L
taking place. Whether the time is suflicient for mewaliic .3

diffusion on the “moving spot™ member remains to be
investiga.d. If it 15, such alloys can be handled simply &
by calculating y, by the Shain method (30). ‘Fiis may
be a metal, or sometimes a carbide, cic. &_)
Table 4 represents an example of the sort of new
information that arises from this type of analysis. Neithe
Model | nor 11 alone would lead to the valuable conclu-
sion that additives mut be taitored to fit the “muving

ELASTIC DEFORMATION

T™™Ee 3

Fig. 3—The adhetive weer procon~—welding ond crecking.

=F\) ADOITIVE FLM PREVENTS WELDING

Tal=®

Fig. 4=Succorstul bovadory lubication.

WEAR PARTICLE

TIME= 13

Fig. 7—The adhesive wear process—end.

TasLe 4~TIME SCALE FOR FILM RENEWAL

V/d = 1078 cm3/cm
D =3 x 1076 cm peak-to-peak
w = 0.02 cm diameter or width

Conditions: Wear Rate
Surface Finish
Wear Scar

Hertz Diameter H = 0.02 cm
Speed U = 10 ecm/scc
Path on Plate S=20cm

Ball Not Wearing

H _ mH2D/2
= 0.0620 sec by == “UV/d

Ball Wearing

s = o = 0.0024 scc
U

Plaie YWearing Plate Not Wearing

73D 12

A
—_— oz 3 o = =~ = 2.0
U174 3.0 sec p - = 2.0 scc

U

lp =

spot” member if they are to be effective. As far as the
writer knows, this principle has never been recognized
before, but there is every reason to aceept it as valid based
both on its derivation and on practical expericnce. On
this basis, £ must be calculated for the “moving spot”
member, but £, for the karder member, for use in Fqua-
tion [37]. A moie rigorous solution in terms of a and a,
may be justifiable in the future,

Model 1T may also be useful in predicting the transition
point at ¥ in Fig. b, by reason of the rapid rise of the
double exponential in Fquation [ 18], as pointed out by
Kingsbury (47) whose cauly work led 10 Model LA, He
went so far as to set up an equation for this “characteristic
temperatwre,” 73

g
r=E X -mn) 18
I = 'm( e 48]

which defines. the conditions for 4 maximum da d7.
While this model does et produce a vertical line -
tion as shown ir Fig, 1, the Bater must be regarded as
schematic. Data an the ¥ region scatter enough to higa
very steep sigmoid curve coually well,

In conchusion. it can be ssid that Model 11 opeas ap
the whole arca of reves dble sitface eacrgetion e ale
preciction of lubication perlinmance. Obvioash, the
geometry of Mol ean be put inte e sath venn bl
difficuliy. This would prodoce b desgn program with the
additienal inpus sl e Table 5. How ingomiplete thas
picture is will be shown below, under Model 118,

(4]
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hdditive Data:

TasLe 5—ADDITIONAL INPUT DATA FOR
COMPLETE MODEL 11

12, 1y, 7y By, By vy 0y
M, Va, 8,81, T

Engineering Data:

BASIS OF MODEL Il

Neither of the models considered so far in this study
have really come to grips with the irreversible chemical
reactions which are known to take place at wearing sur-
faces, let alone those that are merely suspected. These may
be put into three groups—corrosion of the metals by the
atmosphere, reactions of the additives with the metals
(and their corrosion products) and polymerization of the
lubricant, with the metal as a catalyst. The general nature
of these competitive pheriomena is illustrated in Figure
6. Truly, lubrication can be described as “a very intense
process in a very small rcactor,” to quote Dr. David
Tabor.

Fig. 6-—The pest-wear pretess.

ANALYSIS OF MODERL 1A

Only a few papers seem to have taken up the mathe-
matics of corrosive wear by oxvgen and/or humidity. Tao
(32) has made a fairly detailed study, based on the diffu-
sion rate of oxygen through h, drocarbons. He started
with he basic differential equations for two-dimensional
steady-state dhffusion, and some simplifying assumptions
about the ball-on-cylinder apparatus. These included
mooth surfaces, a uniform clearance (§), fresh oil sawu-
riated with oxygen and humidity brought in by viscous
drag. instamancous reaction of the «irface followed by

immediate removal of the FeQ{OH), and wear only at

the upper (ball) surface. From these an cigenvalue and
eigenfunciion problem was built up and solved as

£ w ) f* T
LG Up Jyy | — LOB exp (=318 AT/ 1)

{39

where £is the tine, G, the initial oxyeen concentration,
U, the mean il flow velucity, p the oil deasty, # the
Hertz conaact diameter, o the scar width on the bali
imeavured paraliel 1o the ¢y linder axis), A the maw diffu-
sivity and " the diding velocity.

v

«75=-

Tao was able to use this equation to compute clear-
ances, and obtained quite plausible values based on wear
rates in air by neglecting the exponential term and sub-
stituting a value of W from a run of known duration.
This was based on the fact that the exponential becomes
negligibly small as the concentration of oxygen in the oil
leaving the action zone approaches zero. With this sim-
plification,

w? — H3 = 0.082p¢ CotU (40}

The value of C; was shown to be a function of the
oxygen partial pressure (p), the density of the lubricant
at 60°F (p,) and other factors as defined above, by the
writer (33).

Y

c. _ 300 p p(0980 ‘o‘,)/(t.ou(rb — 700 ]
°= T\ exp @ T,

+ 5.347) [41]

No equations were set up to handle humidity as it
appeared that air of 3 50% RH would provide an ade-
quate supply of H,O to keep the reaction supplied. Tao
demonstrated in fact, that Fquation [40] was unly in
error by about 10% regardless of the humidity.

A tentative dependence of w on the “compliance™, a
complex term involving I and D, was demonstrated but
the relationdin 1o Model TR cannet be scinblished with-
out a good dcal more work.

Obviously, this is only a partial model. as Equation
[40] would indicate that no wear takes place at €, = 0.
This is not true, as shown in subsequent wark by the same
group (2) with argon. However, no attempt was made
then to incorporate this observation into Model HIA.

A very recent paper by Schatzbery (34) ked o some
comments by Tao and the writer which might be con-
sidered to constitute an extension te inert atmospheres.
The observation was that the dry argon had a low but
measurable wear rate, consistent with (2 Schawberg
recduced all of his wear rates 1o the fora,

log W=mlogt+ C {42)

where € ix a constant for any given system. He was
somewhat surprised to find that only fuur of hiv xixieen
cases fit the pattern of Equation [16] which Fenyg (2.0
had shown v be cquivalent to Equation {12} with
m = 0.25. Kieht of the cas~ showed m = GO 10 010
four showed m = 0.16 w0 0.1, and tour showed m = 0.2
10 0.29. Thes results seem 1o be strongly telated to thow
of Bayer (7). since 1. is propestional o . Allowing for
the difference in gromtey due 10 Schatzbergs use of the
A-ball mac hine (for which Equation {10} has oot vet been
integrated ;. it scems notes nrthy that his data fall inge
two modey near Baver’s predictions of m = 0.1R for
low.transfer wear and m == 02530 {or high trander wear
of the ball. Bayer alw icported (9 that a few combina.
tione seemed 10 have an unstable mode with m taking
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intermediate values. Schatzberg’s low values were associ-
ated with dry oxygen and argon, and his high ones with
wet oxygen. Thus, the "Archard Wear Law™ of Equation
[16] may need to be generalized to the form

k, yaWdim
P

V= [43]

where m will vary with the atmosphere in two or three
steps.

So far, all the tests of Mode! HHIA have involved 52100
steel. The possibility of a mathematical basis for extend-
ing this to other metals and alloys is implied by Fowle
(36). He studicd the ratios of oxides formed on alloys and
found that &:» fraction coated with each oxide wz more
closely related to the free enerey of formation of the oxide
than to the composition of the allov. This may not be
helpful, as rates of oxide formation are not readily pre-
dictable fiom these free energies according to Kubaschew-
ski (37). Also, in all of Fowle's five examples, the Gibbs-
Duhem principle cited at the end of Model HC would
have predicted similar oxide ratios. However, the possi-
bility of extending Equation {43} o vther metals is very
real.

While Tao assumed for model purposes that the corro-
sion product was removed as fast as formed, this is not
reainy the case. As a reaule, dicie will be a need tor surface
free energies of such compounds in the solid state. Duga
(22) has made an exhaustive study of these materials and
his results can be applied to a hvbrid Model HC-HIEA.
Bewig and Zisman ¢ 33) have studied metal surfaces pol-
ished under water with what way be presumed w be an
oxide-hydroxide-water fibn left on them. The data are
quantitatively suitable for insertion into Equation [24],
Studi (39 has studied the displacement of one additive
hy anather - this can be explained by Model HC, but
may involve HIA concepts to camplede itas Anderon (41)
shows similar displacement by hamidin.

‘he convept of additives Guming cevalent compounds
jwith the metal surface is at leastas old as that of teversi
ble adsorption (7). However, no mathematical model has
been sugeested up to now. The nearest approach has been
that of Kreuz (471 who demcnstrated thae such films van
he removed by the wolvent action of the bawe fluid. This
had always been a siang argument for reversible adsor p-
tion, as it was hard ta expliin how i covalent film could
ever fail. However, Kreuz did tot carey bis work o tis
logical conclusion by applving the Hildebrand theory of
regular solutions £ £ This may have been because Reeue

found quite sharp “solubilization” temperatutes for s

saap filins, which were cwcntiallv andependent of con.
centration; i fact, they could be selated o the wanuton
point awt ¥ in Fig 1 Such bebavis o oot predicted by
the Hiddebrane theery because it tehates only to Famdon
forees and the suaps include wajer polar aind brdiogen
Leandding. Precicnon of the brhavee of sl cvaoms e
quines the Haneen modification (73, whwh predats a
tather sharp munebihiy when the molar volume of the
wlid s very large with sespeat o that of the bawe fluid,

e
-

(‘sdl - 842)2 + 0-25(891 - 8,1)2

+ 0.25(8, — 84,)% < L [44]

2V,

where §,,, is the hydrogen bonding parameter of the soap,
5,,, that of the base fluid and the other variables are as
previously defined under Model IIA. This method will
require more work, especially since §, and 6, for soaps
are not so easily calculated as for polymers, but it does
offer design possibilities. It also has the complication that
it leads back to Model 1IC, since the soaps are still
“additives” and must be treated according to their E

values on the metals.

ANALYSIS OF MODEL 1itC

":i' “friction polymer” concept is a relatively new one,
ated v till far from computable. It was so named in 1958,
but Fein (#3) was the first to put it into gencral use. The
genera! nature of the reaction seems to be clear, it consists
of the highly energetic surface of the metal, made even
more active by recent abrasion, acting as a catalyst in
the decomposition of the base fluid. The fragments then
recombine, with atmospheric oxygen if available (more
slowly without it) to form a low moleculzr weight poly-
mer, or oligomer by the usual standards of polymer
chemistry. Chemical analyses of the product are rare and
incomplete, but Fein found that it showed ketone and
ester groups. and even (when nitrogen was available)
amides in the infrared spectra. This phenomenon has the
possibility of explaining sume of the anomalies not han-
died by any other model (#4) and also may shed light
an some modes of beaing failure, outside the scope of
this study, due w “lacquer™ e,

Fein had hittle to offer in the line of a wathematical
model, Bond (43, 46). who has done much pioneer work
in clanifying the rank of metals as catalysts, has not been
able 1o provide guantitative prediction methods. This is
partly bevause the tietals do not rank in quite the same
order for different reactions. For example, in hydrogen
chemisorption energy they rank as follvew

W>Ta> Mo FexNilPd>Rh
while for chemisorption of ethylene they rank:
Pr=ic >Pd > ke, Co, NV =RED>DRuz=Os > Cu

Both vrders fullow rather closely that of the surface free
encrgies (28). Obsvunnly, the natare of the base fluid
makes a great ditference, and Tabue has found (47) that
cven copper will tapidly polymetire dimcthylsilicone.
Rond (481 predicied that the order of activity of hydem.
carbon would temd 10 be:

wle s 2 woparatiine > naphthenes
= ansnatioy > paralling

The work of the catalyst chemists s based on aged
sutlacey, and way not sevest the full extent of the prob-

L2 4




TasLe 6—PREDICTIONS OF SCORING RESISTANCE ON IRON

RATING FROM LITERATURE

Miscisit v TEMPERATURE
EqQuation (V — 1) (48

Ar. -
z No. MetaL CavsraL 54) (54*) (55) (55°) deg K Success
4 Be HCP Very Poor - — - 10 +°
12 Mg . HCP Poor - Good* Good, Fair 10873 *e
l 13 Al FOC Poor Poor - o 2010 0
14 Si DIA Very Poor - - - 1976 -
20 Ca FCC Very Poor - — - 24531 -
‘ 22 Ti HCP Very Poor - — Fair 1141 -
24 Cr BCC Very Poor - Good - 146 - R
26 Fe BCC Very Poor - - — 0 +
27 Co HCP Very Poor Poor - - 139 +
' 28 Ni FCC Very Poor - Poor - 84 +
29 Cu FCC Fair/Poor Poor - Poor 179 +
30 Zn HCP Poor Poor Fair Fair 7004 *e
‘ 32 Ge DIA Good - -- — 4370 +
Zr HCP Very Poor — Poor Fair 1281 bl
41 Cb(Nb) BCC Very Poor - —_ - 216 +
i 2 Mo BCC Very Poor - - - 246 +
' 45 Rh FcC Very Poor - — - 215 +
46 Pd rCC Very Poor - — - 450 +
I Ag FCC Good - Fair Good 2506 >
48 Cd HCP Good/Fair Good Good* Fair 12170 2
19 In FCC Good - - — 8246 +
50 Sn DIA Good -— - - 6967 +
51 Sb LAM Good - - - 10639 +
3 Ba BOCC Pour — - - 38890 -
58 Ce HCP Very Poor -- - - 15600 -
n Ta BCC Nery Puor - Fair — 808 x?
N W BCC Poor - Fair - 1609 *?
n Ir FOC \ery Poor - - - 950 +
8 ™ FCC Very Poor - - -~ » +
79 Au FCC Very Poor - - - LR +
8t T HCP Good - - - 10 +°
8 Pb Fou Cood - Good* Good Fan 2 w0
1] Bi LAM Giood - Fair 16904 »t
0 Th FCC \ery Poor - -~ R E2 -
€” U BCC Very Poo: - - +

ACL w Body Centered Cubir
FCOU = Face Centered Cubn

HCP » Heugonal Close Packed

159 Screang against 1045 strel &y 4640 fpm, kevownr fubewant
(3 %) Meschant's coments (of 23], sate coefcent of fiw ton w vacvum,
1151 Scar appratame i air and helmm

DIA = Diamond Sinxcture

LAM = Lamellar ot Sheet Serg tuce

1353 Machbn’s comments bawed on fctsn i ad and nittagen o atpan

- & Jmuerect
+ o Corecy

= = Confixting e

& = In bebum onlv
¥ = Counted coten ¢ on et [3vocsble data
¢ 12 Nt counited, b wagonsl

b k)

;
3
!
1
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Taere 7—PREDICTION OF SCORING RESISTANCE

Musciaiirry TEMPERATURE

RATING FROM LITERATURE EQuation (¥ — 1) (48)
MeTAL Pamk Crystar (5%) (55) (53%) deg K Success
Al-Zn FCC-HCP Poor - Fair 1879 *c
Co-Cu HCP-FCC Poor -— —_ 622 +¢
Al-Co FCC-HC? Poor - — 3214 -~
Cu-Cd FCC-HCP Poor — Poor 9706 -~c
Cu-Zn FCC-HCP Poor - Poor/Fair 4867 -¢
Sb-Zn LAM-HCP Poor - - - 3 +¢
Al-Cd FCC-HCP Good — - 4771 +¢
Bi-Cd LAM-HCP Good — — 36 -¢
Cd-Zn HCP-HCP Good R — 459 d
Bi-Zn LAM-HCP Good —_ — 383 -
Cu-Ni FCC-FCC — Poor — 498 +
Cr-Mo BCC-BCC — Poor - 825 +
Ti-Zn HCP-HCP - Poor - 0 +€
Ag-Cu FCC-FCC — Poor Fair 1334 +?
Cr-Ni BCC-FCC -— - Poor - 444 +
AlLW FCC-BCC : Poor - 8526 -
Cu-Sn FCC-DIA — Goode _ 4583 +
Ni-Sn FCC-DIA -— Fair — 8580 -
Al-Zn FCC-HCP — Poor Fair 188 *e
Ag-Ta FCC-BCC — Good — 7720 +
Cu-Mo FCC-BCC — Very Good - 903 -
Ag-Cr FCC-BCC — Fair/Good — 1487 -
Cu-Ta FCC-BCC - Good — 1898 -
Al-Ph FCO-FOO Coadn Palr 3045 ot
Cu-W FCC-BCC — Good - 2986 -
Cu-Pb FCC.FCC — — Poor 8527 -
Cu-Ti FCC-HCP _ —_ Poor/Fair 367 +°€
Al-Cu FCC-FCC — — Poor 948 +
Cu-Mg FCC-HCP — — Poor 7933 -t
Pb-Ti FCC-HCP — — Fair 6353 --c
Zn-Zr HCP-H(CP — — Poor 3636 —c
Ti-Zn HCP-HCP — -— Fair 3210 +¢
Ag-Zn FCC-HCP - - Fair 1401 —c
Ag-Al FCC-FCC — —_— Poor 41 +
Al-Mg FCC-HCY — - Poor 3806 -
Al-Ti FCC-HCP - —_ Fair/Poor 166 +°¢
ALNi FCC-ICC - - Fair 2001 +
Ag-Cu FCC-FCC — — Poor 1335 +
Ag-Th FCC-HCP - — Fair 378 -
Ag-Zr FCC-HCP - - Cood . 430 —c
Cd-Mg HOP-HCP - - tuor 84 +¢
Cd-Ti HCP-HCP : — Poor 7062 -
Cd-Zr Hep. ey — — Good 8095 +¢
Mg-Ti HCP- 110D - _ Poor 5897 —c
Ag-Mg PCG 1P - Fair 3056 4

See Table V1 or symbals and notes.
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lem. Wear spots, such as shown in Fig. 6, are freshly
abraded and emit elcctrons almost as if they were radio-
active. Polymerization by electrical discharge has been
studied by Bradley (#9), who ranked some hydrocarbons:

styrene > naphthaiene > toluene 2> ethylene
> hexamethylbenzene > propane

which again point up the uncertainties.

One factor not previously considered is the effect of
pressure on polymerization. Weale (50) gives an equation
which is adaptable as follows:

qu Vm

In(k/ky) = T

[43]

where & and & are the rate constants at ¢, pressure and

at one atmosphere respectively, and AV, /V,, is the frac-
tional change in volume on polymerization. This predicts
for a typical reaction inw " ich AV, /¥, = 0.20, an accel-
eration of approximately 10,000 fold under ¢, = 20,000
atmospheres.

Regardless of the lack of consistent data and of a
complete mathematical medel, this line of attack looks
very promising. The term “surface resin® for the material
is suggested.

A very recent paper by Thompson (5/) may be useful
as it takes into account the fact that the anti-asperities
can carry part of the load by hydrodynamic lubrication.
Since Model IIIC involves partial filling of these spaces,
Thompson’s equation may provide a means for testing
the rate of surface resin formation by following the time
required to break in a pair of surfaces. This concept can
also be used to predict another “transition failure” mech-
anism via Equation [44]. This would result from the
layers of “surface resin” formed in the anti-asperities
during break-in, (Fig. 6) suddenly going into solution (52)
thus restoring the original surface roughness. The result
would be to shift a good deal of the load to the asperities,
which wouid fail quite rapidly.

MODEL IV

Investigation of the transition temperature has already
been mentioned under Models I! and 111, However, there
is reason to believe that when all else (including the oxide
film) fails, the nature of the metal-metal contact may
make the difference between corrosive wear and scoring
at Yor even welding at Z (Fig. 1). Ernst (33), Roach (54),
and Coflin (55) have all made experiments along this line.
About 807% of their results can be predicted by a simple
equation from Hildebrand (42) for the miscibility tem-
perature of metals:

Vi+ 1,

T, =
4R

@6, - &) (46]

where V| and V, are the molar volumes of the metals
while 8, and 8, are their solubility parameters. If T} is

100
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iess than T, scoring will take place. The results of these
predictions are shown in Tables 6 and 7. The success
ratings had to allow for the results from the laboratories
containing contradictiows, par’ of which may have been
caused by the lack of a clear definition of “scoring”. The
writer attempted to bring the data to a common basis,
in which “rough”, “abraded”, etc., were converted to
“poor” scoring resistance, “smooth” or low wear rates to
“good”, and intermediate descriptions to “fair”. Where
data in helium was available, it was given preference over
that in air or in air-saturated kerosene. All hexagonal
(HCP) mctals were excluded from the ratings; as shown
by Buckley (36), these follow different rules than the
common cubic metals. The criteria of success were based
on an arbitrary choice of Poor = 0-2000°K, Fair
= 2000-4000°K, Good = 4000+ °K. These unrealistic
temperatures result from their being based on complete
miscibility at about 50/50% by volume. Future programs
should be keyed to the fully developed version of Equa-
tion [46], where this can be set at 5/95 or 10/90. As
pointed out by Hildebrand (42), perfect success 1s unlikely
due to intermetallic compound formation and also to
crystalline transitions of some metals at elevated temper-
atures.

ACKNOWLEDGMENT

This work was supported by U. 8. Army Contract No.
DAHCI19-69-C-0033, administered by the Research
‘lechnology vision, Army Resecarch Othce, Arlington,
Virginia. The kind assistance of over 50 people inter-
viewed in the course of this study is gratefully appreci-
ated, as is that of Mr. A. R. Garabrant who performed
most of the calculations.

REFERENCES

(1) Crook, A. W., “Some Studies on Wear and Lubrication,” Wear,
2, 364 (1958/59).

(2) Appeldoorn, J. K., Goldman, 1. B. and Tao, F. F., “Corrosive Wear
by Atmospheric Oxygen and Moisture,” ASLE Trans, 12, 140
(1969).

(3) Blok, H., “The Postulate About the Constancy of Scoring Temn-
perature,” Paper 4, Proc. Interdisciplinary Approach to the
Lubrication of Concentiated Contacts, NASA, Washington (1970).

() MacGregor, C. W, “Handbook of Analytical Design for Wear,"
Plenum Press, New York, 1961,

(5) Rowe, C.. N., “Some Aspects of the Heat of Adsorption in the
Function of a Boundary Lubticant,” ASLE Trans, 9, 11X} (1966).

{6) Bayer, R. G., Clinton, W. C., Nelson, C. W. and Schumacker,
R. A, "Enginecring Model for Wear,” Wear, 3, 378 (1962).

(7) Bayer, R. G., “Prcdiction of Wear in a Sliding System,” Wear,
11, 319 (1963).

(8) Bayer, R. G. and Schumacher, R. A.. “On the Significance of
Surface Fatizue in Sliding Friction,” Hear, {2, 173 (1968).

(9 Rayer, R. G. and Ku, T. €, Personal interview, April 22, 1970,

(10) Begelinger, A, “Questionnaite on the Relazion Between Surface
Condition and Friction, Wear and Lubrication - Summary Re-
port,” Metalinstituut TNO, Delft, Netherlands,

(11) Rowe, C©. N, “A Relatiun between Adhesive Wear and Heat of
Adsorption for the Vapor Lubrication of Graphite,” ASLE Trn
10, 10 (19%7).

(12) Rowe, C:. N, “*Role of Additive Adsorption in the Mitigation of
Wear," ASLE Trans, 13, 179-188 (1970),

(43) Spurr, R. T., “The Coetlicient of Friction of Metals,” Wear 2, 330,
{1964).

(14) dec Boer, | H., *“Mobility of Malecules aloug Adsorhing Surfaces,”




-80-

from “*Molecular Processes on Solid Surfaces,” McGraw-Hill, New
York, 1968.

(45) Spurr, R. T., “Boundary Lubrication of Metals,” Wear, 14, 207
(1969).

(16} Philippofl, W., “Grenzflachenerscheinungen an Kolloid,” in
*“Kolloidchemisches Taschesbuch,: 5. Aufl. Akademische Verlags-
gesellschaft Geest and Portig K.-G., Leipzig, 1960.

(17) Fowkes, F. W, “Intermolecular and Interatomic Forces and
Interfaces,” in ' Surfaces and lnterfaces, I —Chemical and Physical
Characteristics,” Svracuse University Press, Svracuse, N. Y., 1967.

(18) Hansen, C. M., “The Universality of the Solubility Parameter,”
IGEC Prod. Res. and Dev., 8, 2 (1969).

(19) Grosse, A. V., “The Relationship Between Surface Tension and
Energy of Liquid Metals and Their Heat of Vaparization at the
Melting Point,” / Iwrg Nucl Chem, 26, 1349 (1964).

(20) Rabinowicz. £.. “Friction and Wear of Matedals,” John Wiley
and Sons, New York, 1965.

(2!) Imanaka, O., “Surface Energv and Fracture of Materials,”
Kinzoku Hyomen Guutsu 19, 424 (1968).

(22) Duga, J. J., “Surface Energy of Ceramic Materiais,” DCIC Report
69-2, AD691019, Clearinghouse. Springtield, Va., 1969.

(23) Karashaev, A. A, Zadumkin, S. N, and Kuphno, A. L., “Temper-
ature Dependence of the Surface Tension of Gallium and Its
Interfacial Tension at the Interface with Some Nonpolar Organic
Liquids,” Poverkh. Yavle avakh, 1968, 219-225,

(24) Zadumkin, S. N. and Kuarashaev, A. A, “Surface Energy at
Metal/Diclectric Liquid Interfaces,” Sortet Matenals Science (Eng.
Trars.) 1, No. 2, 86 (1963,

(25) Reid, R: €. and Sherwood, 1. K., “Properties of Gases and
Liquids," 2nd Ed. McGraw-Hill. New York, 1966,

(26) Everett, D. H., “Thermodvnamics of Adsorption from Solution.
Part 2—Impertect Solutions.” Trans. Faraday Soc. 61, 2478 (1963).

(27) Prausnitz, J. M., “Molecular Thermodynamics of Fluid-Phase
Equilibria,” Preatice-Hall. Englewond Cliffs. New Jersey, 1969.

(28) Groszek, A. J., “Heats »f Preferential Adsorpion of Boundary
Additives at Iron and tron Oxide Liquid Hydrocarbon Inter-
faces,” ASLE Preprint 70AM 2C-2 (3ay, 1970).

(29) Buckley, D. H., “A LEED Study of the Adhesion of Gold to
Lopper and Lopper-Alummum AlOYSs,  NADN LN 2321, Aug.
1969.

(30) Shain, 8. A. and Prausnitz, J. M., “Thermodynamics and Inter-
facial Tension of Multicomponent Liquid-Liquid Interfaces,”
AL Ch E Jour. 10, 766 (1564

(31 Kingsbury, E. I “The Heat of Adsorption of a Boundary Lubri-
cant,” ASLE Trans. 3, 30 (19601

{32) Tao, F. F., “The Role of Diffusion in Corrosive Wear,” ASLE
Trans. 11, 121 (1908).

(3 ASTM Anmnuat Book of Stuindards Part 18, Method D 2779.69,
(34) Schatzberg, P., “Intluence of Water and Oxygen in Lubricating
QOils on Sliding Wear.™ ASLE Preprint 70AM 4D-2 (1970
(35) Feng. 1. M. "A New Approach in Interpreting the Four-Ball Wear

Results,” Wear 3, 275 (1962).

(36) Fowle, T. L, “Interaction Between Bearing Metals and Lubri-
cants,” Paper 3, Joint Course on Tribology, The Institution of
Metallurgists, London (1968).

(37) Kubaschewski, O. and Hopkirs, B. E., “Oxidation of Metals and
Alloys,” 2nd Ed., Academic Press, New York, 1962,

(38) Bewig, K. W. and Zismun, W. A, “Surface Potentials and In-
duced Polarization in Nonpolar Liquids Adsorbed on Metals,”
J. Phys. Chem. 68, 1804 (1964).

(39) Studt, P., “Correlation Between Adsorbability and Effectiveness
of E. P. Additives in Lubricating Oils.” Erdoel Kohle 21, No. 12:784
(1968).

(#0) Anderson, J. L., *‘Groupsorption: Induced Cleavages of Functional
Group/Surface Interactions,” J. Phys. Chem. (1o be published. 1970).

(#1) Kreuz, K. L., Fein, R. 8. and Rand, 8. J.. “Solubilization Effects
in Boundary Lubrication,” ACS Petr. Div. Preprint, A126 (Sept.
7-12, 1969).

(42) Hildebrand, ]J. H. and Scott, R. L., “The Solubility of Non-
Electrolytes, 3rd Ed., Dover, New York, 1949.

(43 Fein, R. 8. and Kreuz, K. L., “Chemistry of Boundary Lubrication
of Steel by Hydrocarbons,” ASLE Trans. 8, 29 (1963).

(44) Appeldoorn, J. K. and Tao, F. F.,, “The Lubricity Characteristics
of Heavy Aromatics,” Wear, /2, 117 (1968).

(45) Bond, G. C., “Catalysis by Metals,” Academic Press, London and
New York, 1962.

(#6) Bond, G. C., “Adsorption and Coordination of Unsaturated

Hydrocarbons with Metal Surfaces and Metal Atoms,” Disc.

Faraday Soc. No. 41, 200 (1966).

(#7) Tabor, D. and Willis, R, F., “The Formation of Silicone Polvmer
Films on Metal Surfaces at High Temperatures and Their
Boundary Lubricating Properties,” Wear 13, 381 (1969).

(48) Bond, G. C., Personal interview (March 23, 1970),

(+#%) Bradley, A., “Organic Polymer Coating Deposited from a Gas
Discharge,” Ind. Eng. Chem. Frod. Res. Develop., 9 =1, 101 (1970).

(30) Weale, K. E., "Chemical Reactions at High Pressures,” Chemical
Engineering Series, Spon., London (1967).

(51) Thompson, R. A. and Bocchi, W., A Mathematical Model for
Lubricated Wear,” Frame\ s MdidebubrFech-t ot Poivhe wd,

(37 Fein, K. 8., Operating Frocedure Eiieas on Criical Tempesa-
ture,” ASLE Trans. 10, 373 (1967).

(53) Emst, H. and Merchant, M. K, “Chip Formation, Friction and
High-Quality Machined Surfaces,” Surface Treatment of Metals,
Trans, ASM 29, 299 (1941).

(54) Roach, A. E.. Goodzeit, C. 1. and Hunnicut, R, P, “Scoring

Characteristics of Thirty-Eight Different Elcmental Metals in

High-Speed Sliding Contact with Steel,” Trans. ASME 78, 1639

11956).

Cotlin, L. F., Jr., “A Study of the Sliding of Metals, with Particu-

tar Reference to Atmosphere.” Lubr, Log 12, 50 (1936).

(56) Buckley, 1. H. and Johnwm, R. L., “Friction and Wear of
Hexagonal Metals and Alloys as Reluted to Crystal Structure and
Lattice Parameters in Vacuum,” ASLE Trans. 9, 121 {(1966).

~1
L

¢

(O cflré*’»v, 196 4)

Fonsial FGlouc G, ol Vs 49637

-~

7’ .

S b i ae i eetnt v




Lane I . T——

UNCLASSIFIED -85-
Security Classification
DOCUMENT CONTROL DATA-R&D
(Socurity clsssiiication of tile, body of ebstract and indexning annotation must be antered when the overall 1 1a clasellied

1. ORIGINATING ACTIVITY fCorporate suthor) - 28, REPORT SECURITY CLASSIFICATION
JOHN A. BROWN UNCLASSIFIED
Box 145 2. anoum
Berkeley Heights, NJ 07922

3. REPORT TITLE

A STUDY OF FRICTION FUNDAMENTALS IN EXPLOSIVES

4. DESCRIPTIVE NOTES (Type of report and inclueivo dates)

Final Technical Report
m inftial, last name)

John A. Broun

A ————

$. AEPORT DATE 7a8. TOTAL NO. OF PASKS 7h. NO. OF REFS
December 1970 82 121

88. CONTRACYT OR GRANT NO. 8. ORNIGINATOR'S REPORT NUMBER(S)

DAAA21-69-C-0558

5. PRGJECT NO.

€. 8. OTHER REPORT NO(S) (Any other numbers fhat may be aseigned
this report)
d

10. DISTRIBUTION STATEMENT

UNLIMITED

Pttt o
11 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

United States Army
PICATINNY ARSENAL
Dover, NJ 07801

T3, AGSTRACT

"AMechanical and lubrication engineers picture solid-solid contact as taking
place only on the tips of the higher asperities of each surface, so that the contact
load is borne only on a very small portion of the total surface area and all
frictional heat is generated and absorbed in this small area. The size aud number
of the individual asperity junctions is ir general not known; but averages are known,
and it appears that asperity heights and spatial frequencies are described
reasonably well by Gaussian statistics. This should make it possible to calculate
frictional hot-spot temperatures and distributions on an explosive surface, given
some laboratory measurements of factors such as coefficients of frictior frictional
work expended and surface characteristics, With hot-spot statistics available, the
probability of explosion can be calculated by available, published methods.

« A coordinated theoretical and empirical research program is proposed to
apply the above engineering and mathematical concepts to explosives. The results
should facilitate the identification of basic mechanical processes (such as metal-
metal friction, or the viscous or plastic shear of explosives) vhich do and do not
generate explosion hazards. This in turn will aid the design of more valid
laboratory friction sensitivity testers and the design of safer explosive processing

plmnta{v;\
\

UNCLASSIFIED




-RA-

UNCLASSIFIED

Iocurlty assification

KEY WORDS

LINK A

ROLE wr

nOL&

wy

no.Lg

LAd

Friction
Explosives

Testing

Safety

Mathematical models

Laboratory sensitivity testers
Programs

Research planning

Asperity statistics

Hot-spots

e way




